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The fast development of the automotive industry after the Second World War led to the rapid 
accumulation of waste tyre rubber. Since 1963, finding applications for the use of waste tyres has 
become the center of attention for many researchers. Using waste tyres in concrete has been proposed 
by many researchers, but due to its flexibility combined with hydrophobicity, any structural 
applications of such concrete has been difficult to develop.  
The mechanical properties of concrete, such as its compressive strength, modulus of rupture 
and tensile strength, are adversely affected by the addition of rubber, but energy absorption and fire 
performance properties improve. This justifies studies on improving the bond between rubber and 
cement paste in rubber concrete to counteract the adverse effects on mechanical properties and this is 
the objective of the present research.  
In order to improve the mechanical properties of rubber concrete, this study attempted to treat 
rubber crumb with chemical solutions. Microstructural characterisation of untreated and treated 
rubber crumb were performed in order to investigate the effect of treatment on the rubber surface and 
to study the development of active groups on them. For this, using untreated and different chemically 
treated rubber in concrete, as a replacement of 3% of fine aggregates, the compressive strength of 
several mixes were investigated. By taking advantage of microstructural characterisation analysis, the 
bonding properties of different types of rubber concrete were studied to arrive at the best method of 
activation (treatment). The best treatment method found was the oxidisation of rubber crumb. This 
innovative method was developed further to treat the rubber surface in sufficient amounts, allowing 
its introduction into structural applications for rubber concrete. 
The method works based on thermal oxidation in the presence of air. A small amount of rubber 
crumb was oxidated in air at the laboratory of Western Sydney University. Microstructural 
characterisation of the heat treated rubber took place to ensure the activation of the rubber surface 
through looking at surface morphology and FTIR reactive spectra. Afterward, more than 40 Kg of 
rubber was thermally activated in a structural furnace to carry out the mechanical and structural 
testing of heat treated rubber concrete. In the next step, compressive strength of different percent of 
rubber concrete from 5% up to 30% of replacement sand with heat treated rubber were investigated 
to obtain the optimum percent of replacement. This part of the study was completed by taking SEM 
images, completing the microstructural analysis of heat treated rubber concrete.  
After arriving at the optimum percentage of replacing sand with heat treated rubber crumb, 
mechanical properties of the rubber concrete such as compressive strength, modulus of rupture and 
modulus of elasticity were examined according to Australian standards. In the next step, to improve 
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the mechanical properties of heat treated rubber concrete, a new mix design was introduced and all 
the mechanical properties of this type of concrete were tested. Fire performance of heat treated rubber 
concrete and untreated rubber concrete were also compared with control concrete. Following, 
structural properties of heat treated rubber concrete in a beam-column joint under monotonic and 
cyclic load were investigated and compared to the control specimens. At the end, numerical modelling 
of control concrete was performed and checked against the experimental results. The results showed 
some inconsistency which relates to the properties of rubber and the way cracks propagate in rubber 
concrete. While deficiencies were analysed and discussed, detailed examination is suggested for 
future studies.  
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1.1 Background and Statement of Problem 
The fast development of the automotive industry after the Second World War led to the rapid 
accumulation of waste tyre rubber (see Figure 1.1). Waste tyre rubber is extremely difficult to 
degrade in landfill treatment, and it has been estimated that around one billion tyres are withdrawn 
from use in the world every year. The disposal of used tyres in landfills is an inevitable problem 
in most countries, including Australia. The Australian government estimates that the equivalent of 
48 million passenger tyres reaches the end of their life each year and that less than 17% of waste 
tyres are recovered and properly managed within Australia. In 2008, Waste Management World 
(WMW, online magazine of International Solid Waste Association) reported that around one 
billion end of life tyres (ELTs) were being accumulated globally each year, with an estimated 
further four billion already in stockpiles. U.S. Rubber Manufacturers Association estimated that in the 





























The environmental impact of waste tyres has reached unbelievable proportions, impacting seas and 
forests (Figures 1.2 and 1.3). If fire breaks out in any of these accumulated mountains of waste tyre, 
due to arson or unintentional mistakes, extinguishment becomes next to impossible (see Figure 1.4).  
 
 
Figure 1.1: End of life tyres in landfills (https://recyclenation.com/2010/06/sea-rubber-truth-tire-recycling/) 























































Use of disposed tyres in asphaltic pavements, incineration of tyres for the production of steam, and 
reuse of ground tyre rubber in a number of plastic and rubber products are some of the innovative 
solutions to meet the challenge with the problem of waste tyre disposal. Keating (1985) explained 
Figure 1.2: Many end of life tyres end up in the oceans 
(https://www.pinterest.com.au/pin/156500155773632133/?lp=true)  
Figure 1.3: Many end of life tyres end up in the forests 
(https://recyclenation.com/2010/06/sea-rubber-truth-tire-recycling/) 
Figure 1.4: Fire in the largest tyre graveyard 
(https://www.reddit.com/r/pics/comments/3tkfg0/fire_in_the_largest_tire_graveyard_in_the_world/) 
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that scrap tyres can also be used as fuel in cement kilns, as feedstock for making carbon black, and 
as artificial reefs in the marine environment. However, the usage volume is still limited. Apart from 
asphalt pavement, which can allow dumping a considerable amount of waste rubber, other uses are 
small in comparison to the generated tyre waste.  
Current research is founded on using recycled waste such as vulcanised rubber of used 
tyres inside concrete. The reason for this choice is the huge volume of concrete usage around the 
world. The current world usage of concrete is estimated at around 7 billion tonnes; that is about 
1 tonne per person on earth. The weight of waste tyres is about 7 billion kilograms (average 
weight of a tyre is about 7 kg). Therefore, if a way can be found to add waste rubber into concrete 
at even the small ratio of 0.1%, the world’s problem of waste tyres is resolved completely.  
The addition of rubber to concrete however is a real challenge. Several studies have been carried 
out involving the addition of reclaimed rubber in concrete mix. However, until recent years there has 
been limited progress made in this area of study because recycled rubber is used as an inert filler to 
replace fine and/or coarse aggregates at different weight and volume percentages, without achieving 
proper bonding in the mixture. Review of some of the reported results is conducted in Chapter 2. This 
thesis is an attempt to resolve this issue of lack of bonding by activation of rubber for better adhesion 
between the cementitious bonding agents and the functional groups created in the rubber surface 
particles.  
1.2 Research aim and objectives 
The primary aim of this research is to develop a method that allows better bonding between rubber 
and cementitious matrix, thereby increasing the achievable strength of rubber concrete so that 
structural applications are made possible. The detailed objectives that allow attainment of the primary 
aim are as follows: 
• To innovate the appropriate method of activating recycled tyre rubber in order to enhance 
bonding properties of activated rubber (treated rubber) with concrete paste.  
• To reduce the risk of concrete spalling during fires, hence displaying better fire 
performance and increased thermal insulation of concrete. 
• To investigate the effect of using recycled tyre rubber in concrete composition under 
cyclic loads in column-beam joints in order to investigate its ductility and energy 
absorption. 
• To obtain optimum quantities of recycled tyre rubber in the composition. 
• Finally, to implement other industrial scale processes for the activation of recycled rubber 
instead of using the reactive chemicals used in this study, for example using direct air 
oxidation which is commonly used for bitumen activation. 
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1.3 Scope of research 
The scope of research approach used in this study to achieve the research objectives are as follows:  
• Activating the rubber particles with different chemicals to achieve different types of 
activated rubber. 
• Microstructural investigation of chemically activated rubber to study the effect of 
activation with different chemicals on the surface of rubber particles using Scanning 
Electron Microscope (SEM) and Fourier Transform Infrared Spectroscopy (FTIR).  
• Mixing and casting concrete samples with 3% of sand replacement with chemically treated 
and untreated rubber in concrete samples, and carrying out the compressive strength tests 
(preliminary phase) to evaluate the reduction in compressive strength of rubber concrete 
compared to control concrete, and moreover to introduce the best method to treat rubber 
crumb.  
• SEM imaging of different rubber concrete samples to investigate the bonding conditions. 
• As a result of previous studies, activation of rubber by thermal oxidation in air (heat 
treating rubber) and microstructural investigation of it by using SEM imaging and FTIR 
spectra. 
• Identifying the optimum amount of heat treated rubber (HTR) in concrete mix by carrying 
out a compression test on concrete samples containing 5 to 30% of heat treated rubber. 
• Microstructural investigation of heat treated rubber concrete (HTRC). 
• Investigating the mechanical properties (fresh and hardened state) of HTRC and introduce 
the optimised rubber concrete mix. 
• Evaluating the performance of HTRC expose to elevated temperatures from ambient up 
to 800 ºC. 
• Studying the behaviour of HTRC as column-beam joints under monotonic and cyclic load 
to determine its ductile performance. 
1.4 Thesis Layout 
The thesis is presented in eight chapters as follows: 
 
Chapter 1: introduces the destination of waste tyres and its hazards, the definition of the problem, 
discusses the research objectives, research scope and the thesis layout. 
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Chapter 2: reviews the relevant work related to recycled tyre rubber in concrete, including untreated 
and treated rubber, mechanical properties of rubber concrete, its fire performance and their cyclic 
behaviour in a beam- column joint member. 
 
Chapter 3: explains the methodology and result of treating rubber crumb with different chemicals 
such as potassium permanganate, sodium hydroxide and hydrogen peroxide. Also, it shows the 
microstructural characterisation of untreated rubber and chemically treated rubber to evaluate the 
effect of treatment on rubber surface. Also investigated is the compressive strength of high strength 
concrete containing untreated and chemically treated rubber with 3% replacement of fine aggregates. 
Finally, microstructural characterisation of different concrete mixes is studied to check the bonding 
properties of untreated and chemically treated rubber with cementitious material. 
 
Chapter 4: presents an innovative method (as a result of Chapter 3) which is to activate rubber 
particle by thermal oxidation in air with low cost and no hazard (heat treatment) compared to chemical 
solutions. Microstructural characterisation of heat treated rubber is carried out to study the effect of 
treatment on its surface. This chapter studies different percentages of heat treated rubber (HTR) to 
substitute sand in high strength concrete so as to introduce the optimum amount of HTR in high 
strength concrete. Finally, microstructural characterisation is performed on heat treated rubber 
concrete (HTRC) to survey its bonding conditions. 
 
Chapter 5: develops information on mechanical properties of heat treated rubber particle in high 
strength concrete and compares the results of high strength concrete and untreated rubber high 
strength concrete according to Australian standard. To optimise the concrete mix, several mix designs 
are studied to introduce the best mix design for heat treated rubber concrete in the high strength range. 
Furthermore, the fire performance of each group of concrete is studied and compared. 
 
Chapter 6: studies the monotonic and cyclic behaviour of heat treated rubber in high strength 
concrete beam-column joints and compares the results with a high strength concrete beam-column 
joint. 
 
Chapter 7: explains the finite element modelling and analysis of high strength beam-column joints 
with the same specification in Chapter 6 to compare the theatrical and experimental results.  
 
Chapter 8: concludes and summarises the outcomes of this research project, and includes 
recommendations for practical applications and future research.
 
                                        
Literature Review 
  




For decades, researchers have tried to find a proper method of using waste tyre rubber (WTR) 
as a construction material. Edeskär (2006) elaborated on some characteristic properties of 
shredded tyre materials such as low density, high elasticity, low stiffness, high drainage 
capacity and high thermal insulating capacity (see Table 2.1). These properties, some of which 
are quite favourable, open possibilities for utilisation of the material in civil engineering 
applications.  
 
Tyre Properties Range Comments Authors 
Density (Kg/m3) 500-900 - Edeskär (2004) 
Elasticity (MPa) ≈1 - Edeskär (2004) 
Stiffness (MPa) 1.5-2.0 - Edeskär  (2006) 
Drainage capacity 10-4 m/s. At a vertical stress of 1 GPa and 65 % compression 
Reddy and Saichek 
(1998a), Warith et al. 
(1997) 
Thermal insulation 
(W/m,K) 0.2 - 
Humphrey and Eaton 
(1995), Lawrence et 
al.(1999)  
 
A review of the current literature on the development of concrete mixes using untreated 
and treated rubber with chemicals is presented in this chapter. Moreover, the mechanical 
properties, fire performance and structural properties of concrete mixed with rubber are 
presented. 
2.2 Mechanical properties of concrete mixed with untreated rubber 
Several studies can be found in the literature involving reclaimed rubber in concrete 
mix. Most of these studies report of similar mechanical properties of rubber concrete in fresh 
or hardened states, which encompass reduced compressive strength, splitting tensile strength 
and flexural strength of rubber concrete in direct proportion with the increased rubber content. 
The studies also show an increase in the air content at higher rubber contents, because of 
hydrophobic properties of waste tyre rubber particles and a reduced slump accordingly. 
Reviews covering some of these results are discussed in the following section. 
Performance of concrete t ha t  contains rubber aggregate from used tyres has been 
studied by several researchers. Eldin and Senouci (1993) carried out research in which they 
replaced fine (1 mm) and coarse (6 mm, 19 mm, 25 mm and 38 mm) aggregate with recycled 
Table 2.1: Tyre properties, Edeskär (2006)) 
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rubber. They found that concrete with rubber aggregate had lower workability, lower 
compressive and tensile strength and greater tenacity. This was attributed to lower adherence 
between the rubber particles’ surface and the cement matrix. They also observed that the level 
of loss of compressive strength increased with the size of the rubber aggregates. 
Further, Rostami et al. (1993) realised that the size and the proportion of the rubber 
aggregate (RA) significantly affects the compressive strength of rubber concrete. The bigger 
the size and the proportion of rubber, the larger reduction in the compressive strength of rubber 
concrete (RC) was observed. Although, the decrease in strength of RC may lower the attraction 
for use in structural applications, the more favourable failure mode and enhanced toughness 
might easily compensate for this resulting in more future applications. Regarding this important 
consideration, Eldin and Senouci (1993) observed that specimens containing rubber particles 
did not display a brittle failure. Failure occurred gradually, either in splitting or in shear mode. 
They discussed that because cement paste is much weaker in tension than in compression, the 
RC specimen would start failing in tension before it reached its compression limit; therefore, 
it results in many tensile micro-cracks that form along the specimen under the load (Figure 
2.1). Because of the ability of rubber to withstand large tensile deformation due to rubber 
particles acting as springs during the loading process, the failing specimen is capable of 
absorbing significant plastic energy and withstanding large deformations without full 
disintegration. This process will continue until the stresses overcome the bond between the 
cement paste and the rubber aggregates. Khatip and Bayomy (1999) used different recycled 














Figure 2.1: Modelling the behaviour of rubber concrete (RC) specimens under compression (Eldin and 
Senouci, 1993). 
 




The properties of rubber concrete were also studied by Topcu (1995). The amount of rubber 
was 15%, 30% and 45% by volume of the total aggregate in the mix. Compressive strength 
reduced as rubber was added. 
Fattuhi and Clark (1996) compared the workability, compressive strength and fire 
resistance of the crumb rubber aggregates with normal concrete. Similar to previous studies, 
results showed that the use of rubber leads to a decline in compressive strength due to the 
lower modulus of elasticity of rubber. They claimed that the behaviour of rubber is similar to 
the behaviour of voids in concrete mixtures. 
Topçu and Avcular (1997) studied the inclusion of rubber into concrete, and the results 
showed higher resilience, durability and elasticity. They concluded that the use of rubber 
concrete in structures that are subjected to impact loads will be beneficial due to the altered 
state of the above mentioned properties. The unique qualities of rubber concrete will find new 
areas of usage in highways as a shock absorber, in acoustic walls as sound barriers, and in 
buildings as earthquake shock-wave absorbers. In determining the elastic constants and 
mechanical properties of rubber concretes, samples were produced by adding rubber in 
different volume proportions and in different forms such as fibre, chips, etc. However, concrete 
samples were not the only field of study using rubber. 
Khatib and Bayomy (1999) investigated fresh properties of rubber concrete. They 
observed a decrease in unit weight and slump of rubber concrete mixture by increased rubber 
content. However, the decrease is negligible for mixture containing less than 20% rubber of 
total aggregates. Furthermore, they reported that higher rubber content in the mixture resulted 
in more air content.  
The effect of rubber type and rubber content on properties of fresh concrete according 
to Khatib and Bayomy (1999) is shown in Figures 2.2, 2.3 and 2.4. As their research developed, 
it was found that the 28-day compressive strength of rubber concrete decreased by 93% when 
100% of the coarse aggregate volume was replaced by rubber coarse aggregate. However, 100% 
replacement of fine aggregate volume by fine rubber resulted in a 90% decrease in compressive 
strength. They believed that three major causes for this behaviour of rubber concrete is as 
follows: 
• Rubber has a lower modulus of elasticity in comparison to surrounding cement 
paste in rubber concrete. As a result, upon loading, cracks initiate quickly around 
the rubber particle because of their elastic mismatch.  
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• In rubber concrete, the rubber acts softer than the cement paste. Moreover, the weak 
bonding between rubber and paste may introduce them as voids in the mixture and 
finally causes a reduction in the compressive strength. 
• According to Mehta and Monterio (1993), the strength of concrete depends on the 
density, size and hardness of the coarse aggregates. While aggregates are partially 
replaced with weaker material, a decrease in compressive strength is inevitable. 
Possibly due to the above reasons, they also observed a reduction in the flexural strength of 
rubber concrete. 
In Figure 2.3, the unit weights of rubber concrete containing coarse chips or fine crumb, 
or a combination of the two, are displayed. Obviously, by increasing the rubber content, the 
unit weight decreases.  

















Moncef Nehdi and Ashfaq Khan (2001) suggested using waste tyre rubber in Portland cement 
concrete, specifically where lower density, increased toughness and ductility, and higher 
impact resistance and more efficient heat and sound isolation are required. They mentioned the 
use of rubber in Portland cement concrete not only helps to alleviate disposal problems but can 


















Figure 2.2: Rubber concrete slump according to rubber content by total aggregate volume (Khatib and 
Bayomy, 1999). 
Figure 2.3: Rubber concrete unit weight (Kg/m3) according to rubber content by total aggregate volume 
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Olivares et al. (2002) studied the mechanical behaviour of RC specimens, and they used 5% 
crushed tyre rubber to prepare 9 cylindrical specimens (150 mm diameter and 300 mm height). 
They indicated that for up to 5% rubber, the specimens did not show any significant changes 
in modulus of elasticity and compressive strength. They performed a microscopic study (SEM) 
to consider the adherence between rubber and cement paste. (Figures 2.5 and 2.6). 
In later years, Guneyisi et al. (2004) showed that using shredded truck tyres decreased 
the density of rubber modified concrete to 77% of the reference concrete and replacing more 
than 25% of natural aggregates resulted in a remarkable decrease in the compressive strength 
of the product. Siddique and Naik (2004) reviewed about 29 studies on rubber concrete, and 
they concluded that the compressive strength of concrete containing rubber particles is less 
than the reference concrete. They indicated that due to some characterisation of rubber concrete 
such as lower density, higher impact and toughness resistance, in addition to enhanced ductility 
and sound isolation, rubber concrete can be used in driveways and roads. They also suggested 
more research to optimize the particle size, use of chemicals and admixtures, and methods for 
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Figure 2.4: Rubber concrete air content (%) according to rubber content by total aggregate volume (Khatib 
and Bayomy, 1999). 














Gu¨neyisi et al, (2004) studied the mechanical properties of rubber concrete with and without 
silica fume. They used two different types of tyre rubber in the forms of crumb and chips in 
order to replace partially fine and coarse aggregates in the concrete mixture. Aggregates from 
2.5% to 50% by total aggregates volume were replaced by rubber. Rubber concrete samples 
contained silica fume as a partial substitution of cement (varying from 5 to 20%), and they then 
tested the compressive strength, splitting tensile strength and static modulus of elasticity in 
accordance to ASTM standards. The strength level was found to vary from 54 to 86 MPa, by 
water to cement ratio of 0.6 and 0.4. A sizeable reduction in the mechanical properties of rubber 
concrete was observed, however the addition of silica fume showed an improvement in 
mechanical properties of the rubber concrete samples. They proved that by adding silica fume, 
rubber concrete containing 25% rubber had a compressive strength of 16-32 MPa. In later 
years, Albano et al. (2005) developed information about tyre rubber as a substitute of fine 
aggregates in concrete mix. They found that using tyre scrap as a partial substitute of fine 
aggregates reduces the flow and density of the composite, as well as the slump of rubber 
concrete in the fresh state; they also found it reduces the compressive strength and the splitting 
tensile strength. 
Ruiz (2008), Castro et al. (2008), and Wang et al. (2011) reported an obvious reduction 
in weight, compressive and tensile strengths, and static stiffness in rubber concrete when 
compared with ordinary concrete. Moreover, a considerable increase was reported in impact 
resistance (toughness), brittleness, strain capacity, and as a result the energy absorption ability, 
workability, impermeability, thermal insulative properties and durability. The ratio of flexural 
strength to compressive strength of the rubber concrete, using 5%, 10% and 15% rubber, was 
found to be 1.08, 1.16, 1.26 times that of the ordinary concrete, respectively. This indicated 
Figure 2.5:  Micrography of rubber-concrete 
matrix interface (Olivares et al. 2002). 
Figure 2.6:  Micrography of rubber particle inside 
the concrete matrix (Olivares et al. 2002). 
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that rubber concrete is better performing against crack development than the ordinary concrete. 
Increasing the rubber content increases the toughness of the concrete. 
Al-Nasaral and Torbical (2013) studied the relationships between the percentage of crumb 
rubber content and the reduction in compressive, tensile and flexural strengths (Figure 2.7). It 
can be seen that the use of crumb rubber reduced all types of tested strengths. As expected, the 
higher the rubber content in the mix, the higher the reduction was that occurred in compressive, 
tensile and flexural strengths. They also showed that the increased amount of recycled 













Yung et al. (2013) examined waste tyre rubber powder filtered through #30 and #50 sieves to 
replace fine aggregate and produced self-compacting rubber concrete. They showed that when 
5% rubber powder was added, the 91-day compressive strength was higher than the control 
group by 10% and this addition had a significant increase in anti-sulphate corrosion. 
Additionally, by increasing the amount of waste rubber, the shrinkage was higher and reached 
its maximum at 20%. As a result, using waste tyre rubber powder can increase the durability 
of self-compacting rubber concrete.                   
Gupta et al. (2015) showed that t h e  flexural strength of rubber concrete mixed with 
ash decreased with the increase of ash percentage, whereas the flexural strength of modified 
concrete increased with the increase of the percentage of rubber fibre content. 
Carroll and Helminger (2016) studied 22 different rubber concrete mixes in which 
rubber crumbs were used to partially replace aggregates in mixes. The initial mix design was 
based on ACI 211.1 with a 28-day compressive strength of 59.7 MPa. Upon modification by 
replacing 15% of the total aggregate volume with coarse rubber crumbs, the 28-day 
Figure 2.7: Comparison between strength reduction and rubber (Al-Nasaral and Torbical, 2013). 
 
Chapter 2  Literature Review                                                                                                                                                                                                          16 
 
Samaneh Pourmohammadimojaveri 
compressive strength dropped to 28.6 MPa. Other mixes contained 5%, 10% and 15% coarse 
and fine rubber aggregates. They used water reducing admixture to optimise workability for 
each mix. The results showed that the more rubber particles, the better the workability. 
Compressive strength, indirect tensile strength, and modulus of elasticity decreased with an 
increase in rubber content.   
Bisht and Ramana (2017) used crumb rubber as a substitute of fine aggregates in 
percentages of 0%, 4%, 4.5%, 5% and 5.5%. They observed that as rubber content increased, 
the workability of concrete decreased. Up to 4% replacement of fine aggregates by crumb 
rubber did not show any significant changes in the compressive and flexural strength of the 
samples. Therefore, they concluded that 4% might be the optimum percentage of rubber to 
replace sand in non-structural elements. 
Bompa et al. (2017) analysed the database of 238 rubber concrete mixes and their 
control concrete mixes to predict the mechanical properties of rubber concrete mixes. Their 
study highlighted that even the type of replaced mineral aggregates may affect the behaviour 
of specimens more than the type and characteristics of the added rubber. Moreover, they 
verified that compressive strength and elastic modulus decreases with the increase in rubber 
content. On the other hand, the lateral strain and the energy released during crushing is 
enhanced due to the rubber content. To study the stress- strain behaviour of rubber concrete, 
Li et al. (2018) used rubber as a replacement of sand in percentages of 6%, 12% and 18% by 
volume. They examined the peak stress, strain at peak stress, modulus of elasticity, energy 
dissipation capability and the constitutive model under uniaxial compression. They concluded 
that the replacement of sand by rubber decreased the axial compressive strength and modulus 
of elasticity of the concrete. Their study revealed that the effect of rubber on the peak concrete 
compressive strain depends on both the improved deformation and the decreased compressive 
strength. Rubber incorporation can improve the ductility and energy absorption capability of 
concrete; an indication of this is the toughness index values of different concrete mixes. 
Concrete with higher percentages of crumb rubber possess higher toughness. 18% crumb 
rubber concrete can improve the toughness index by 11.8% compared with traditional concrete. 
According to the literature, when untreated waste tyre rubber is used as a replacement 
of fine or coarse aggregates, mechanical properties of concrete decrease significantly due to 
the lack of bond between the rubber particles and concrete matrix. This is mostly attributed to 
the hydrophobic properties of rubber which makes it difficult to develop a proper bond with 
concrete paste. 
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In general, using recycled waste tyre rubber in Portland cement concrete has not been 
successful due to two factors: (1) incompatibility in chemical properties between rubber and 
cement paste and (2) the significant difference in stiffness between rubber and the hardened 
concrete paste, which results in stress concentrations. Most of the researchers advise further 
studies on the bonding agent or surface properties of rubber particles to enhance the mechanical 
properties of rubber concrete. Various methods have been proposed to overcome the barriers 
to improve the performance of rubber Portland cement concrete, some of which have been 
shown to be promising but not yet sufficient. In the next part of this chapter, different type of 
rubber treatment and their effect on the properties of treated rubber concrete are reviewed. 
2.3 Mechanical properties of concrete mixed treated rubber 
After years of research and study on the properties of rubber concrete by many researchers, 
they realised that treating rubber particles may result in higher compressive strength and that 
the use of this method could improve other properties of rubber concrete. Specially after 2004, 
most studies were done on using treated rubber in concrete mixtures by different percentages 
of replacement of fine or coarse aggregates. Below is selected literature on different methods 
for treating rubber that investigate if there can be any improvement in the mechanical properties 
of treated rubber concrete. 
Biel and Lee (1996) studied the possibility of making high strength rubber concrete 
(25% rubber by volume) by using magnesium oxychloride cement to improve the bonding 
between rubber and concrete materials. They also suggested using magnesium oxychloride to 
pre-treat rubber particles to enhance the compressive strength of rubber concrete. They 
concluded that both compressive and tensile strengths of magnesium oxychloride cement rubber 
concrete were significantly higher than rubber Portland cement rubber concrete 
Raghvan et al. (1998) studied the chemical resistance of rubber modified concrete to 
highly alkaline environments (pH 10-14). By adding sodium hydroxide (NaOH) and calcium 
hydroxide (Ca(OH)2) to the cement mixture, they found that the rubber did not show 
significant changes in size, pH or mechanical strength even after 4 months. In later years, Segre 
and Joekes (2000) treated the surface of rubber particles with a NaOH aqueous solution for 20 
min. Scanning electron microscopy (SEM), water absorption, density, flexural strength, 
compressive strength, abrasion resistance, modulus of elasticity and fracture energy 
measurements were performed using test specimens (Water/Cement ratio = 0.36) containing 
10% of as-received or 10% of NaOH treated rubber. The results of fracture energy and flexural 
and compressive strength show that the addition of rubber particles improves the toughness 
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and reduces the porosity of the specimens. As shown in Figure 2.8, NaOH treatment enhances 
the rubber-matrix adhesion. The use of treated tyre rubber particles as a substitute for coarse 
aggregate in cement-based materials is promising for applications such as driveways and road 
construction. 
Li et al. (2004) tried to improve the strength and stiffness of rubber concrete by using 
larger (approximately 25, 50 and 75 mm long, and 5 mm thick) chipped rubber fibres with 
NaOH treatment. They concluded that such fibre-rubbers perform better than chipped-rubbers 
(approximately 25 × 25 mm square shaped with 5 mm thickNess), but the NaOH surface 
treatment does not work for larger sized chip tyres. 
 
 








Li et al. (2004) investigated waste tyre modified concrete. They used two types of rubber 
aggregates, one in the form of chips and the other in the form of fibre. For the tyre chips, the 
surface was treated by saturated NaOH solution and physical anchorage by drilling a hole at 
the centre of the chips. For the rubber concrete, fibres   with   various   aspect   ratios   were 
utilised.   A hybrid fibre reinforcement using waste tyre fibre and polypropylene (PP) fibre was 
also investigated. The effect of waste tyre resources (car tyres or truck tyres) on the strength 
and stiffness was evaluated. Compressive strength, compressive modulus of elasticity, 
Poisson’s ratio, and split tensile strength tests were conducted on the prepared samples. They 
concluded that fibres performed better than chips. Although thinner fibres performed better 
than thicker fibres, the effect was not very significant. Longer fibres tend to entangle, and it 
was suggested that fibre length be restricted to less than 50 mm. Further studies are needed to 
develop suitable cutting machines and optimal fibre thickNess. Also, NaOH surface 
treatment does not work for larger sized tyre chips. They showed that using physical 
Figure 2.8: (a) Fracture surface of cement paste, (b) with 10% by mass of untreated rubber or (c) treated 
rubber (Segre and Joekes, 2000). 
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anchorage has some effect, so further efforts will be geared towards enlarging the hole size and 
insuring that the hole be through the entire chip thickNess. 
Moreover, Albano et al. (2005) pre-treated the rubber particles with NaOH and silane 
(A-174). They concluded that there was no significant improvement in the mechanical 
properties of rubber concrete compared to untreated rubber concrete. In later years, Chou et al. 
(2007) explained that the addition of rubber particles leads to the degradation of some physical 
properties of concrete. Their studies show that the loss in compressive strength of concrete with 
rubber additive is due to local imperfections in the hydration of the cement, induced by the 
addition of heterogeneous rubber particles. The existence of rubber particles changes the 
disjoining pressure induced by the London/Van der Waals forces. To improve the mechanical 
properties of rubber concrete, the surface modification of rubber particles is important. The 
modification of rubber surfaces with sodium hydroxide enhances the hydrophilic properties of 
rubber and reduces the negative effects of rubber on the hydration of cement. Based on the 
insight gained in this study, a novel method for the modification of rubber particles is proposed 
by Albano et al. (2005). In the proposed process, rubber particles are oxidized partially with 
hot air/steam in a fluidised bed reactor to produce the hydrophilic groups on the surface of 
the particles. Based on the theory developed in this study, we propose that rubber particles 
be mildly oxidized to produce hydrophilic groups, such as hydroxyl, carboxyl and aldehydes 
on the surfaces. The oxidation could be carried out with hot air/steam in a fluidised bed 
reactor. The process is simple and likely to be viable both technically and economically. 
Pelisser et al. (2011) studied rubber modified concrete with the replacement of 10% of 
the sand aggregate by recycled tyre rubber, using the control rubber and the rubber modified 
with alkaline activation. The compressive strength, elasticity modulus, density and 
microstructure were evaluated. They observed that the compressive strength at 28 days was 
reduced by only 14% in comparison to the control concrete when 10% sand aggregate was 
replaced by recycled tyre rubber. They observed a reduced interface between the rubber and 
cement matrix after the chemical treatment. Both control rubber and rubber modified with 
alkaline activation were used with silica fume addition in order to further improve the 
mechanical properties. 
Al-Nasaral and Torbical (2013) used pieces of automobile tyre to develop a lightweight 
concrete material. The rubber pieces were cut into semi-cubical shapes with holes at the centre 
to increase the bonding strength with the concrete paste, as shown in Figure 2.9, and these were 
chemically treated with sodium hydroxide (NaOH) to enhance the bonding strength, as shown 
in Figure 2.10. These rubber particles were soaked in a solution of NaOH, and then dried before 
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mixing in the concrete paste. Al-Nasaral and Torbical (2013) proved that there is great potential 
for the use of rubber in concrete. Even though the addition of rubber particles decreases the 
compressive and tensile strengths of concrete, it reduces the heat transfer and increases the 
thermal resistance. 
Along with all these studies, some researchers studied the treatment of tyre rubber 
aggregates with epoxy and silica fume. Siringi et al. (2015) tested concrete treated rubber by 
using a two-part epoxy with the hope that this would improve bonding between rubber 
aggregates and concrete.  When the two-part epoxy was used, rubber was placed in a container 
and the two parts of epoxy were added. This was then mixed and introduced into the mixer 











                  
After 7 days of curing, the 2-part epoxy did not result in any improvement of strength but 
had a significant impact after 28 days. The 28-day strength was 18% less compared to the 
control batch. This showed that the epoxy improved the rubber concrete by about 23% when 
compared to rubber concrete without epoxy at 28 days. Since no improvement was noted at 7 
days (early strength) when using epoxy, this method was considered substandard. The other 
method that Siringi et al. (2015) studied, was by the use of Silica fume in two ways; first it 
replaced 20% of cement and second an amount equal to 20% of cement was added to the 
concrete without replacing any cement. But this method did not have any positive effect on 
strength. They also used NaOH in two ways. At first, a third of the total water required was 
set aside and used to prepare a 1-Molar NaOH solution in which the rubber was immersed 
in the solution for 30 minutes prior to the introduction of both the solution and rubber to the 
mixer. When this method did not yield good results, a second method was attempted in 
which 1-Molar NaOH solution was prepared and tyre derived aggregate was immersed in 
Figure 2.9: Typical rubber aggregate (Al-
Nasaral and Torbical, 2013). 
Figure 2.10: Rubber aggregates conditioned by 
sodium hydroxide (Al-Nasaral and Torbical, 
2013). 
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the solution for 24 hours, after which the rubber was introduced into the mixer while it was 
still wet but the NaOH solution was discarded. The rest of the procedure remained the same 
as described earlier 
Researchers such as Guo et al. (2017) continued to use NaOH and silica fume in 
other ways to treat rubber particles and investigate the effects on rubber concrete mechanical 
properties. They employed three coating techniques such as coating with normal cement, 
blended cement with silica fume, and blended cement plus sodium silicate to improve 
rubber-cement bonding. In their research ten sets of rubber concrete samples were prepared 
beside the control samples. The difference between samples was in the treatment and rubber 
replacement ratio. The researchers concluded that treating rubber particles with NaOH 
solution significantly improved the compressive strength of samples in comparison with 
other sets. Other researchers such as Si et al. (2017) also studied the effect of NaOH 
treatment on rubber particles bonding properties in concrete admixture and they also 
observed an improvement in the mechanical properties of rubber concrete. 
Following our work (Samaneh, 2017), Kashani et al. (2018) developed a new method to 
change the surface properties of rubber in order to enhance its bonding with the cementitious 
matrix. They investigated five different treatment methods including cement coating, silica 
fume coating, sodium hydroxide, potassium permanganate and sulphuric acid soaking. All 
the methods showed an improvement in compressive strength, between 27% and 56% 
(Figure 2.12). Best results were obtained with silica fume and sulphuric acid. Silica fume 
coating was used for the first time by these researchers. The formation of low Ca/Si gels 
was observed at the rubber-mortar interface based on SEM analysis (Figure 2.11). Silica 
fume coating provides an economically feasible solution with lower safety and associated 
environmental risks compared to chemical treatments. 
Over the last decades of research and studies by scientists, it has been proven that 
waste tyres rubbers require some special modification to be practically used in concrete. 
Different kinds of surface treatment with different types of chemicals have been introduced 
and tested. Some of them indicated improvement in the mechanical properties of rubber 
concrete, but they were not promising enough to take to the next level which is structural 
application of rubber concrete. In the following chapter, some innovative methods will be 
introduced to optimize the bonding properties of rubber particle.  Chapter 4 will present a new 
innovative method, which is practical and industry friendly, and can treat rubber particles so 
that high structural strengths can be achieved. 
 































2.4 Performance of concrete at elevated temperatures 
High temperatures are well kNown for seriously damaging concrete due to the concrete 
spalling and bar exposure to the flames. Many studies, some particularly recent, have been 
carried out on cementitious composites at high temperatures. Use of materials such as rubber 
aggregates t o  replace fine and coarse aggregates in the concrete mix, have been adopted lately 
Figure 2.11: SEM images of concrete foam: (a) untreated RTC (poor interfacial bonding between the paste 
and tyre crumbs); and (b) silica fume coated RTC (a dense matrix of ITZ showing improved interfacial 
bonding), (Kashani et al. 2018). 
Figure 2.12: Compressive strength and density of concrete foam samples (Kashani et al. 2018). 
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to investigate the improvement of fire performance of concrete at high temperatures. In 
what follows, the reason for concrete spalling is described, following a presentation of the 
literature on the fire performance of concrete mixed with rubber particles. 
2.4.1 Concrete performance at elevated temperatures 
It is now well understood that there is a reduction in compressive strength of concrete when it 
is exposed to high temperatures. Saad (1996) described that up to 300°C, hydration of non-
hydrated cement grains is improved due to an internal autoclaving condition because of the 
high temperature and the evaporation of water. This is particularly true for high strength 
concrete as its low permeability resists moisture flow, and this can be used to explain the 
constant compressive strength when the temperature is below 300°C. Reduction in compressive 
strength is due to dehydration of the concrete matrix. Feldman et al. (1971) explained that 
hydration products lose their free water and physically absorbed water completely and start to 
lose their non-chemically bonded water at 105°C. Hager (2013) showed that capillary water is 
lost completely at 400°C.  
Consolazio et al. (1998) explained that the moisture content in concrete is dependent 
on the Water-Binder ratio (w/b), age of concrete and the environment. When concrete the 
surface is subjected to sufficiently high temperatures, a portion of water will be vaporised and 
move out from the concrete into the atmosphere. There is also a certain amount of water that 
will be vaporised and move in the opposite direction to the inner part of the concrete. Due to 
thermal gradient, the inner part of the concrete is cooler and the vapour will be condensed. 
With the accumulation of the condensed water, a saturated layer is gradually formed. This 
layer will resist further movement of vapour into the inner concrete but moves toward the drier 
region of the concrete surface, attempting to escape out of the concrete into the atmosphere. 
If the pore structure of the concrete is sufficiently dense and/or the heating rate is sufficiently 
high, escape of the vapour layer will not be fast enough, resulting in a large increase of pore 
pressure in the concrete. If the tensile stress in concrete cannot resist this increased pore 
pressure, spalling of concrete occurs (Figure 2.13 and 2.14).  
Fu et al. (2006) studied concrete samples at high temperatures, and they illustrated that 
spalling greatly reduces the mechanical properties of concrete structures and may even results 
in collapse. The mechanism of spalling of concrete at high temperature could mainly be 
explained from vapour pressure in the pores and the resulting thermal stresses. Hardened 
concrete is saturated with water in its pores to a different extent. 
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Kalifa et al. (2000), Mindeguia et al. (2011), Ko et al. (2011) and Bangi et al. (2012) 
showed that the maximum pore pressure is generally observed in the inner part of concrete. 
As shown in Figure 2.15, compared to the inner part, vapour in the outer part is easier to 
escape out from the concrete. This would reduce the pore pressure in concrete in the near 
surface zone. Furthermore, maximum pore pressure in high strength concrete is generally 
larger than in normal strength concrete. 




























Figure 2.13: Spalling of concrete induced by vapour 
pressure (Consolazio, et al, 1998). 
Figure 2.14: Spalling of concrete induced by 
thermal stresses (Consolazio, et al. 1998). 
Figure 2.15: Pore pressure in concrete at a high temperature (radiant heating to 600 °C) (Bangi et al. 2012). 
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The high strength in concrete is usually achieved by densifying its pore structure to lower 
its permeability. Due to the low permeability, when high strength concrete is exposed to a 
high temperature, the vapour generated cannot easily escape the concrete, therefore, resulting 
in higher maximum pore pressure. Simultaneously, the thermal gradient is also formed between 
the heated surface and the inner part of concrete when the concrete is subjected to high 
temperatures. This is particularly true when the temperature increases very fast, referred to as 
‘thermal shock’. Ozawa et al. (2012) explained that when the temperature increases faster at 
the surface of the concrete, compressive stresses are generated parallel to the heated concrete 
surface, while tensile stresses are generated in the inner concrete in the perpendicular direction. 
When the tensile stress exceeds the tensile strength, spalling of concrete occurs, as shown in 
Figure 2.14. The above two causes would result in the cracking of concrete at high 
temperatures. Besides, the cracking of concrete at high temperatures would also be caused by 
the decomposition of the hydration process, shrinkage of cement matrix and expansion of 
aggregates. Different thermal responses between the cement matrix and aggregates is also 
considered to distribute cracks in the Interfacial Transition Zone (ITZ) between the two phases, 
damaging the meso-structure of concrete. Finally, all the causes mentioned above make the 
spalling of concrete at high temperatures occur in the models of aggregate spalling, surface 
spalling, corner spalling and explosive spalling. 
2.4.2  Performance of concrete mixed rubber at elevated temperatures 
In this section of the literature review, several studies are investigated which consider the effect 
of elevated temperatures on the mechanical properties of concrete, including recycled rubber 
aggregates. Unlike the many studies available in the literature on the mechanical properties of 
concrete including treated or untreated waste tyre rubber, studies of the same at elevated 
temperature are limited. The available few show similar findings and are provided below. 
Olivares and Barluenga (2004) studied the fire performance of high-strength concrete 
in which 3%, 5% and 8% (volume) of natural aggregates were replaced with rubber fibres 0.85-
2.15 cm long derived from used tyres. After exposing the specimens to fire to 1000°C, the 
results did not show any spalling, unlike control high strength concrete mixes. The researchers 
attributed this phenomenon to water vapour escaping through channels generated by rubber 
particles under exposure to fire, therefore reducing the pressure created by the vapour. 
Georgali and Tsakiridis (2004) explained that as concrete is exposed to fire, the 
following stages occur. Firstly, water evaporates at 100ºC and above; loss of hydration water 
occurs between 300 ºC and 400ºC, which leads to loss of strength and causes surface cracks on 
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samples; from 600 ºC upwards, aggregates endure thermal expansion, causing internal tensions 
that lead to concrete breakdown; and finally, beyond 800 ºC, aggregates begin to decompose, 
causing the reduction of the concrete’s strength, until it becomes a fragile material. 
Li et al. (2011) investigated the fire performance of rubber reinforced high strength 
concrete. To obtain high strength rubber concrete, they proposed control mix designs (no 
rubber content) with the strength of 60 to 80 MPa. Following this, rubber concrete mix 
proportioned with different percentages of rubber content (1, 2, 3 and 4%) as addition or 
replacement were designed.  The size of the specimens was 100 × 100 × 100 mm, and they 
were cured in a curing room according to the Chinese standard GB/T50081-2002 (National 
Standard of China, 2002) for 28 days. As is shown in Figure 2.16, SEM image of rubber in 
cementitious material at ambient temperature was provided as a base information to study the 
microscopic images of specimens after exposure to a high temperature. These revealed that 
some transitional interfaces between rubber and cementation exists which leads to the reduction 
of concrete strength. 
All samples were heated up to 500°C and 800°C in a furnace to study the effect of high 
temperature. After heating up to 500°C (Figure 2.17) it was obvious that rubber particles 
degenerated and there was a big gap between the rubber and cementitious material. After 
exposure to 800°C, the cementitious structure fractured because of cracking (Figure 2.18) and 
















Figure 2.16: SEM micrographs of rubber cementation in concrete at 28 days (Li, et al. 2011). 

























The research showed that the loss of strength of rubber concrete increased with increased 
rubber content. But the brittle property of high strength concrete was reversed to some extent, 
and its ductility was improved. Also, the residual strength of high strength rubber concrete 
through the addition of rubber was higher than by replacement of aggregate with rubber. It was 
observed that concrete containing rubber shows less spalling under fire condition which can 
also be observed in SEM images (Figures 2.17 and 2.18). 
Marques et al. (2013) furthered research on the effect of elevated temperature on the 
residual mechanical performance of rubber concrete. They provided four different concrete 
mixes: a reference concrete made with natural coarse aggregate and three concrete mixes with 
replacement rates of 5%, 10% and 15% of natural fine and coarse aggregates by rubber. 
Specimens were exposed to high temperatures (400°C, 600°C and 800°C) for a period of 1 
hour. After cooling down to ambient temperature, the compressive strengths were evaluated 
Figure 2.18: SEM micrographs of rubber cementation after exposure to 800ºC (Li, et al, 2011). 
Figure 2.17: SEM micrographs of rubber cementation after exposure to 500ºC (Li, et al. 2011). 
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and compared with reference values obtained at the ambient temperature. First, they studied 
the mass variation and energy changes by rubber particles as a function of temperature by 
Thermogravimetric (TGA) and Differential Scanning Calorimetry (DSC) according to ISO 
11357. Tests were carried out on a SDT2960 simultaneous thermogravimetric analyser from 
TA Instruments from ambient temperature to about 800˚C in air atmosphere, at heating rates 
of 5˚C/min and 10˚C/min, as shown in Figure 2.19. According to the TGA results, at about 
400°C a large mass loss occurred which confirms the decomposition of rubber particles, and 
after almost 550°C the mass stays constant and decomposition completes. During the 
decomposition period, heat flow increases up to the completion of the degeneration of rubber 
samples. 
Marques et al. (2013) carried out compressive strength on the samples at ambient 
temperature (20°C) then specimens from the same mix design were exposed to a high 
temperature and after one hour their residual compressive strength was obtained. They 
concluded that up to 15% replacement did not affect the thermal response of concrete. For 
samples heated up to 600°C, compressive strength of both reference concrete and rubber 
concrete were roughly similar. But at 800°C, rubber concrete underwent the largest decline in 
residual strength as compared to that of reference concrete. They explained that it has been due 














Figure 2.19: TGA/DSC tests on rubber: remaining mass and heat flow versus temperature (Marques et al. 
2013). 
Chapter 2  Literature Review                                                                                                                                                                                                          29 
 
Samaneh Pourmohammadimojaveri 
Guo et al.  (2014) investigated the effects of elevated temperatures (25°C, 200°C, 400°C 
and 600°C) on the compressive behaviour of rubber crumb and steel fibre reinforced recycled 
aggregate concrete (RSRAC). In the RSRAC, steel fibre was used to improve the performance 
of concrete before exposure (e.g. ductility, cracking) and after exposure (explosive spalling) to 
elevated temperatures. The inclusion of rubber particles was mainly for the consideration of 
environmental protection and reducing the risk of spalling after exposure to high temperatures. 
A series of concrete mixes were prepared with ordinary Portland cement, recycled concrete 
coarse aggregates or natural coarse aggregates, 1% steel fibre (by volume) and rubber particles 
with different fine aggregate (sand) replacement ratios. The results showed that both the 
compressive strength and stiffness of concrete mixes decreased after exposure to elevated 
temperatures, with higher replacement of fine aggregates by rubber leading to lower 
compressive strength and stiffness. On the other hand, rubber crumbs significantly enhanced 
the energy absorption capacity and the explosive spalling resistance. Later, Guelminea et al. 
(2016) studied the sensitivity of rubber mortars to elevated temperatures. They had a control 
mortar and three other mixes with 3%, 6% and 9% recycled rubber aggregates to replace sand 
by weight. The mixes were subjected to 150, 200, 300 and 400 ºC. During the experiment, 
samples did not show any explosive spalling resulting from the voids created by thermal 
decomposition of rubber. They conducted that up to 9% replacement of sand has no effect on 
the physical-mechanical stability of rubber mortar exposed to temperatures up to 200ºC. 
However, after 200ºC the stability of specimens decreased by increasing the rubber content. 
In association with high strength rubber concrete, Mousa (2017) presented the influence of 
temperatures of 300, 400, 600 and 800ºC on the compressive strength of samples made with 
up to 20% silica fume (SF) content to replace cement and different ratios and sizes of recycled 
tyre rubber (2 mm, 5 mm). Two sets of concrete batches were provided to carry out this 
research. The first set comprised of four mixes produced with a cement content of 500 kg, 0.3 
water-binder ratio, gravel as coarse aggregate and 0%, 10%, 15%, and 20% Silica Fume (SF) 
by weight to replace the cement. The next four mix sets were produced with the replacement 
of cement by 20% SF, along with 0%, 3%, 5% recycled fine rubber (2 mm) and 3% coarse 
rubber (5 mm). They used dolomite as coarse aggregate in the second set to enhance the 
performance of concrete mixtures containing rubber under high temperatures. The results 
showed high resistance to fire with increasing SF content of up to 20% replacement of cement 
even up to 800ºC. Also, using dolomite as coarse aggregates improved the residual 
compressive strength by 19.9, 0, 32.3, 78.7, and 19% at 22, 105, 300, 400, 600, and 800ºC 
compared with concrete containing gravel. Mousa (2017) concluded that rubber concrete had 
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a reduction in compressive strength with the increase in the amount and size of rubber 
compared to reference concrete.  
Gupta et al. (2017) used rubber fibres (2 to 5 mm width, length up to 20 mm) as partial 
replacement of sand from 5 to 25%. After testing the samples at ambient temperature from each 
group, the remaining samples were exposed to elevated temperatures (150 ºC, 300 ºC, 450 ºC, 
600 ºC and 750 ºC) and three different exposure durations (30, 60 and 120 min). They used an 
electric furnace with two internal thermocouples to follow a temperature-time curve. The 
results of compressive strength at ambient temperature for rubber concrete showed a reduction 
of 22.6% on 5% replacement and 53.2% on 25% replacement of fine aggregate by rubber fibre. 
For both rubber concrete (7.5% for 5% replacement and 7.4% for 25% replacement) and 
normal concrete (7.8%), the percentage reduction in compressive strength was similar at 300ºC 
exposure for up to 30 min. The authors explained that this was due to the formation of micro 
cracks caused by the decomposition of CSH gel in both normal and rubber fibre cement 
matrixes. After exposing the samples to 300ºC for 120 min, they observed a reduction in 
compressive strength of rubber concrete (18.5% for 5% replacement and 23.3% for 25% 
replacement) than control concrete (14.1%) for normal cooling. This result was expected due 
to the partial decomposition of rubber and generation of cracks along the voids and evaporation 
of water in the capillaries. According to the results and collected information, Gupta et al. 
(2017) stated that rubber fibre can be used as fine aggregate in concrete safely by considering 
that beyond 150 ºC, the decomposition of rubber fibres leads to rapid decline in the residual 
properties of rubber concrete mainly for replacements higher than 5%. 
According to the literature, using waste tyre rubber in concrete improves spalling 
properties, although increasing the exposed temperature reduces the residual compressive 
strength. Chapter 5 presents the mechanical properties of reference concrete, untreated rubber 
concrete and treated rubber concrete in addition to their behaviour at elevated temperature. 
2.5 Rubber concrete beam-column joint under cyclic and monotonic load 
The structural application of rubber concrete is an unsolved research problem. Attempts since 
1963 to replace concrete aggregates with rubber particles of some form have not been 
successful enough to convince the industry of its use. This has mostly been due to lower than 
acceptable mechanical properties of rubber concrete. The present study aims at introducing 
methods that allow structural use, looking at literature related to rubber concrete use in 
structural applications. Unfortunately, only one such study was found, a technical paper titled 
“on Behaviour of self-consolidating rubber concrete (SCRC) beam-column joints,” by Ganesan 
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et al. (2013). These researchers studied the behaviour of rubber self-consolidating concrete 
(SCC) beam-column joints under monotonic and cyclic loads. They used shredded rubber to 
replace 15% of fine aggregate in the mix by volume. The detail of beam-column joint is shown 
in Figure 2.20. After monotonic and cyclic test, they concluded that replacing fine aggregate 
by rubber could bring significant improvement in the beam-column joint behaviour under 
cyclic loads in terms of energy absorption capacity, crack resistance, and ductility. The cracks 
observed in the SCRC specimen were narrow and the first cracking loads were further apart 
from the joint than in the SCC specimen. The cumulative absorbed energy of the SCRC 
specimen was found to be enhanced considerably in comparison with the SCC specimens. 
Moreover, the SCRC specimen showed ductile behaviour and the degradation of stiffness and 
strength under repeated loadings was delayed allowing sufficient energy to be absorbed 
through stable hysteretic behaviour. This study indicates that SCRC exhibit high ductile 






















Figure 2.20: Reinforcement details (Ganesan et al., 2013). 
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Chapter 6 shows how standard concrete and treated rubber concrete are used to cast beam-
column joints which will be tested under monotonic and cyclic load to investigate the 
advantages versus disadvantages of using treated rubber as a replacement of fine aggregates in 
concrete. 
2.6 Conclusion 
According to the previous studies, rubber concrete shows promising behaviour under cyclic 
loading and fire. The most important disadvantage of adding rubber to concrete is that any 
increase in rubber content reduces the compressive strength, flexural strength, and splitting 
tensile strength of rubber concrete compared to standard concrete (containing no rubber 
particle). This is due to hydrophobic properties of rubber which cause weak bonding with 
cementitious material and would happen irrespective of whether rubber is added as a 
replacement of fine or coarse aggregates or as an added component to the mix. Most researchers 
have highly recommended to study ways of improving the bonding between rubber and 
concrete paste. Over the last decade, a lot of studies have been focused on treating waste tyre 
rubber with different chemicals, specially NaOH, to enhance the mechanical properties of 
rubber concrete. Since treating rubber with chemicals involves special safety requirements, it 
could be dangerous and costly. Therefore, developing more effective methods that do not 
involve chemicals to treat waste tyre rubber is highly desired. Having those methods developed 
is an objective of the current study, and allows the utilisation of the many advantageous 
properties of rubber concrete such as higher ductility and better fire performance in addition to 
its other benefits, such as its low cost, reducing the environmental impact by replacing natural 







                                  
Material Properties of Concrete Mixed 
Chemically Treated Rubber Crumb 












This research is focused on using treated crumb rubber as a replacement for a percentage of 
the fine aggregates used in concrete mix. The main variable in the mixture is the volumetric 
percentage of crumb rubber.  
This chapter introduces the experimental program performed to evaluate the 
effectiveness of different chemical treatment methods that can be used to activate rubber (treat 
rubber) for enhanced chemical bonding with concrete. The 1-5 mm rubber aggregates were 
examined by SEM and FTIR techniques, before and after the chemical treatment in order to 
quantify the effect of activation. The changes in rubber characteristics of the samples were 
evaluated quantitatively based on the FTIR spectra. 3% of fine aggregates in the concrete mix 
were substituted with rubber aggregates. The predetermined ratio of untreated and treated 
rubber was mixed with the designed concrete mix. Compressive strength tests were carried out 
on cubic samples to investigate the effect of a chemical treatment on material bonding in 
concrete specimens. Finally, SEM images were taken to study the bonding conditions between 
rubber and cementitious materials. 
3.2 Types of rubber 
Several types of rubber are used in the tyre industry with different chemical structures and 
compositions. The most common types are natural rubber (NR), synthetic isoprene rubber 
(SIR), butadiene rubber (BR), styrene butadiene rubber (SBR), butadiene rubber ethylene-
propylene copolymer rubber, polypropylene rubber, polyurethane rubber, acrylonitrile 
butadiene-styrene rubber (ABS) and other compositions as shown in Table 3.1. 
The ABS rubber is made of three monomers or starting materials (styrene, butadiene and 
acrylonitrile) ranging across different percentages according to the application required. 
When polymerised to form ABS rubber, the chemical structure is as shown in Table 3.1. The 
Nitrile rubber is made of acrylonitrile and butadiene usually known as NBR with the structure 











































































































































































































































































3.2.1 Chemistry of rubber surface activation 
In the chemical activation process of waste or recycled rubber the following chemical 
reactions may take place depending on the type of rubber, chemical activating agents, 
concentration, and conditions such as time, temperature and pressure. Typical expected 





























Figure 3.1: Typical oxidation reactions that take place during the chemical activation of rubber with 
potassium permanganate strong oxidizing agent. 
Figure 3.2: Typical oxidation reactions that take place during the chemical activation of rubber with hydrogen 
peroxide or ozone mild oxidising agent. 





The   formed reactive functional groups such as carboxylate, hydroxyl, carboxylic acids are the 
same functional groups present in the concrete admixtures, concrete superplasticisers such as 
polycarboxylate, concrete water reducers and concrete setting retarders such as sodium or 










The Nitrile groups present in the chemical structure of ABS rubber or in Nitrile rubber NBR 
would also undergo chemical hydrolysis in the presence of sodium hydroxide (NaOH) at about 









Other activation reactions that may take place in the chemical activation process of waste 
rubber are based on the chemical cleavage of the vulcanized links present in most types of 
rubber used in the tyre industries. These activation reactions are represented in the chemical 
structure depicted in Figure 3.6 which shows a representative structure of vulcanized rubber 
such as sulphide, di sulphide and polysulphide groups S, -S-S-, -(S)n- in the isoprene rubber, 
butadiene rubber, ABS rubber, NBR, and other sulphur vulcanised rubbers. The activation 





Figure 3.3: Sodium Gluconate concrete setting 
retarder. 
Figure 3.4: Polycarboxylate ether 
superplasticiser. 
Figure 3.5: Carboxylated groups due to treated rubber with NaOH. 





















These sulphonate groups are similar to the sulphonate groups present in the concrete 
superplasticizers (Figures 3.8 and 3.9) based on sodium poly Naphthalene Sulphonate and poly 
melamine formaldehyde sulphonate which have the chemical structure shown in Figures 3.8 
and 3.9. 
The super plasticiser molecules are absorbed on the surface of cement particles, as 













Figure 3.7: Activation chemical reactions that attack the sulphide groups. 
 
Figure 3.8: Structure of Sodium Polynaphthalene 
Sulphonate super plasticizer (PNS). 
Figure 3.6: Representative chemical structure of the vulcanized rubbers showing the sulphide, di sulphide 
and polysulphide vulcanising groups.  
 
Figure 3.9: Structure of poly melamine 
formaldehyde sulphonate super plasticiser. 















Based on these mechanisms, the rubber surface will be chemically activated by introducing 
hydroxyl (OH), thiol (SH), Carboxylate ions (COO- M+), amide (CONH2), -SO3 – M+ and other 
reactive and polar functional groups according to the type of waste rubber used in the 
activation. The activated rubber (treated rubber) is expected to act as a reactive filler bonded 
to the cement particles similar to the concrete admixtures. 
3.3 Preparation of reactive reclaimed waste rubber 
In this project, two different methods were implemented to fulfil the objectives of the study 
with respect to the activation of rubber particles and each of these methods involves innovations 
in concrete application.:  
• chemical treatment of rubber particles (Chapter 3)  
• thermo oxidative treatment or heat treatment (Chapter 4) 
The chemical activation (treatment) method was adopted in this study because the activation 
process can be accelerated and the activated rubber (treated rubber) can be characterised, 
evaluated precisely and quantified. The second method was chosen because it has major 
potential in the concrete industry based on cost, safety, simplicity and large scale application, 
which is explained in further details in the next chapter. 
Reclaimed waste tyre rubber that was commercially available was transferred to reactive 
chains and/or surfaces consisting of reactive functional groups such as hydroxyl, carboxyl, 
sulphonate, and /or amino, and/or amide groups, by applying a suitable chemical treatment at 
convenient conditions. Several laboratory plans were considered for creating reactive 
functional groups on the surface of reclaimed rubber particles using the following methods. 
Figure 3.10: Schematic structure showing adsorption of superplasticiser polymeric chain on the cement 
particles based on the mechanism of superplasticisers on reducing W/C ratio with enhanced flowability of 
concrete mix. 
 




3.4  Materials 
Materials used in this study were sourced as follows: 
• waste rubber supplied by TyreCycle company 
• potassium permanganate, sodium hydroxide pellets and hydrogen peroxide 
supplied by Sigma Aldrich 
• super plasticisers were supplied by Parchem company/Dulux group 
3.5 Safety precautions 
Chemical treatment by direct oxidation should be considered as highly hazardous as it deals 
with corrosive and oxidising agents; accordingly, risk assessment should be performed. All 
experiments were carried out using personal protecting equipment such as safety glasses, PVC 
gloves and face shields, and were performed under the supervision of an experienced chemist 
in a standard chemistry laboratory. 
3.6 Chemical activation of reclaimed waste tyre rubber 
During this part of the study, different solutions were used to treat rubber particles, as detailed 
in Sections 3.2.1. 
3.6.1 Activation of rubber by oxidisation with potassium permanganate (5% by weight) 
500g rubber particles in the size of 1-5 mm were treated with potassium permanganate 
(KMnO4) in a two litre Pyrex beaker. To carry out this treatment, 50g of KMnO4 was dissolved 
in one litre of water (5% by weight). The beaker was covered with a black plastic bag to prevent 
photo decomposition of permanganate. The solution was poured into the beaker, then the 
rubber sample was added portion wise. Further solution was added to cover the treated 
rubber. The experiment was carried out in the fume hood, with occasional stirring using a 
plastic or glass bar. The treatment was continued for 5 days. Samples of rubber were taken at 
six hours and 24 hour intervals during the first three days of the activation process. The 
samples taken at different time intervals were used to investigate the chemical progress of 
the activation of rubber particles and also to investigate the degradation of rubber materials. 
The treatment was completed as indicated by the change of the solution colour from violet 
to brown. The solution was decanted on a fine strainer. The treated rubber was washed 
with water several times. Finally, the treated rubber was dried in an oven at 110°C for 6 hours.  




3.6.2 Activation of rubber particles by means of treating with sodium hydroxide (25% 
by weight) 
250g of sodium hydroxide (NaOH) was dissolved in 1 litre of water. The dissolving process 
was highly exothermic, with the potential to reach boiling point. The solution is highly 
corrosive to skin and eyes, so wearing safety glasses, face masks and gloves were essential. 
500g rubber particles of 1-5 mm was added to the homogeneous solution. Rubber particles had 
to be covered with the solution a minimum of 5 cm. The beaker with its content (rubber and 
solution) was placed on a hot plate, and was covered with glass and heated to about 90°C. 
Heating was continued for 8-10 hours daily for five days. When the level of the solution was 
dropped, it was refilled with hot water to the original level. Samples of rubber were taken from 
the beaker to evaluate the chemical activation progress of the rubber particles. After 5 days of 
daily treatment, the solution was cooled to room temperature. The solution was decanted on a 
fine strainer, and washed with water several times until the pH of the washing water was neutral 
to pH paper. Rubber samples were finally dried in the oven at 110°C for 6 hours.  
3.6.3 Activation of rubber by oxidization with hydrogen peroxide (12% by volume) 
500g rubber particles of 1-5 mm was immersed in 240 ml hydrogen peroxide (H2O2) 30% 
solution Vol/Vol diluted with water to 600 ml. The beaker was only half full because rubber 
particles undergo swelling during the oxidation treatment. The volume nearly doubled upon 
oxidation. The mixed rubber was left covered for 5 days with a dark cover to prevent 
decomposition of the hydrogen peroxide solution until the swelled rubber started to collapse. 
Samples of rubber were taken at 6 hours and 24 hour intervals during the first three days of the 
activation process. The samples taken at different time intervals were used to investigate the 
chemical progress of rubber activation. After completing the activation process, rubber samples 
were washed with water several times, then dried in the oven at 110°C for 6 hours. 
3.7 Scanning Electron Microscope (SEM) and Fourier Transform Infrared 
Spectroscopy (FTIR) investigation 
The activation of the collected treated rubber samples with the three activation methods were 
examined by two techniques: 
• Scanning Electron Microscope (SEM) was used to examine, analyse and evaluate 
the effect of chemical treatments on the rubber surface. 




• Fourier Transform Infrared Spectroscopy (FTIR) was used to study the effect of   
chemical treatment on the activation of rubber surface and characterise the type of 
functional groups generated due to the chemical treatment in creating active 
functional groups on rubber surfaces. 
3.7.1 Scanning Electron Microscope (SEM) 
Scanning Electron Microscope (SEM) is a powerful magnification tool that utilises focused 
beams of electrons to obtain detailed surface information. The electrons interact with the atoms 
that make up the sample, producing signals that contain information about the sample’s surface 
topography, composition and other properties. Mainly, two signals are measured in the SEM 
providing different information about the sample, namely secondary electrons (SE) and back-
scattered electrons (BSE). Secondary electrons (SE) images provide information about the 
topography of samples, whereas back-scattered electrons (BSE) images contain compositional 
information that are differentiated by their atomic numbers. This means the higher the atomic 
number of an element/phase, the brighter it will be in a BSE image. However, BSE does not 
identify elements or composition. Hence, the need for Energy Dispersive Spectrometry EDS 
analysis (Scanning Electron Microscopy and X-ray Microanalysis, Joseph Goldestein and et 
al).  
In the literature related to the analysis of concrete, mostly Secondary Electron Imaging 
(SEI) in addition to (EDS) analysis have been used. However, Back Scattered Imaging (BSE) 
can also provide significant compositional information. In this study, a JEOL JSM 6510 (Low 
vacuum) SEM instrument equipped with EDS was used, as shown in Figure 3.11. The use of 
SEM in low vacuum mode permits observation of specimens that are not coated with a 
conductive material such as gold or carbon. The low vacuum mode allows objects to be placed 
into the chamber with little or no preparation. The low vacuum mode operates with a chamber 









Figure 3.11: JEOL JSM 6510 equipped with Moran EDS; this instrument can operate in high vacuum and 
low vacuum modes. 




3.7.1.1 Sample preparation for SEM analyses 
Samples for SEM have to be prepared to withstand the low vacuum conditions and high energy 
beam of electrons and have to be a size that will fit on the specimen stage. Samples are 
generally mounted rigidly to a specimen holder or stub using a conductive adhesive. For SEM, 
a specimen is normally required to be completely dry and flat. Hard and dry materials such as 
wood, bone, concrete and rubber can be examined with little further treatment. 
In this research, as mentioned in Section 3.3, the chemical treatment of rubber particles 
was continued for 5 days. At the start and end of each working day, samples were taken from 
the batches, and washed and dried. After collecting all the samples, they were divided into six 
groups. Samples from each group were examined under microscope, as shown in Figures 3.13 
to 3.16. At this stage, no specific preparation of samples was needed. 
3.7.1.2 Results and discussion 
Figure 3.12 represents three images of untreated rubber particles showing details of the 
surface. Some voids are observed, as predicted due to the rubber’s natural porosity and its 
elasticity. The samples showed some obvious cracks on the surface, caused by cutting and 

















Figure 3.13 shows rubber treated with potassium permanganate (KMnO4). The images show 
the progressive effect of the treatment of rubber particles during the first 120 hours. It is clear 
that the density of cracks on the surface of rubber particles has increased with the treatment 
time. The crack size has also increased in depth and width as a function of the activation time. 
Therefore, it was expected that an improvement in the bonding between this kind of treated 
rubber with the concrete paste would be observable. The effect of permanganate on the 
Figure 3.12: SEM image of untreated rubber with different magnifications in low vacuum. 
 
Untreated rubber (X 30) Untreated rubber (X 100) Untreated rubber (X 500) 




oxidation of rubber surface is noticeable even during the first 6 hours of treatment as predicted, 
based on the chemical reactions explained in Section 3.2.1. At the final stages of oxidation with 
permanganate, the surface properties of the rubber particles changed remarkably. The oxidation 
process was completed when the colour of permanganate solution was changed from pink to 
brown, as indicated by the formation of potassium manganate and manganese dioxide, these 
being products of the oxidation process.   
SEM images of treated rubber with sodium hydroxide (NaOH) are shown in Figures 
3.14. Identical to the other types of treated rubbers, they have been taken 6, 24, 30, 46, 52 and 
120 hours after carrying out the activation process. They show that there is no obvious crack 
on the surface of the samples, but some changes are observed on the surface of the samples as 
indicated by FTIR analysis of these samples. The hydrolysis of several kNown active centres 
of rubber by sodium hydroxide was expected, as indicated previously in Section 3.2.1, and they 
are chemically well confirmed by the compression test results as discussed in Section 3.7.2. 
Figure 3.15 shows the SEM images of rubber treated with hydrogen peroxide (H2O2) after 6, 
24, 30, 46, 52 and 120 hours of the chemical treatment progress. These images were taken for 
treated rubber samples before mixing with concrete. As is seen, there were no obvious cracks 
on the surface of the samples. After 120 hours of treatment, no considerable changes were 
observed. The oxidation with 12% hydrogen peroxide is a mild oxidation reaction compared 
to oxidation with permanganate solution. The action of hydrogen peroxide is mostly active on 
the unsaturated double bonds and vulcanising crosslinking sites of the rubber, as explained in 
Section 3.2.1. It was expected that this activation process was slower due to the low 
concentration of hydrogen peroxide which was used. The 30% concentrated hydrogen peroxide 
reacts vigorously with rubber at room temperature. The reaction was not accelerated for safety 
































































































































































































































































































































































































































3.7.2 Fourier transform infrared spectroscopy (FTIR) 
Infrared spectroscopy is a common technique used in chemistry for the identification and 
characterisation of chemical compounds, depending on the molecular motion of the functional 
groups which can be due to the absorption of energy such as rotation, vibration, and stretching 
of the atoms of the functional groups present in the compounds. These molecular motions 
appear as bands at different wavelengths of the infrared spectrum. The resulting spectrum 
represents the molecular absorption or transmission, creating a molecular fingerprint of the 
sample. An infrared spectrum represents a fingerprint of a sample with absorption peaks that 
correspond to the frequencies of vibration between the bonds of the atoms constituting the 
material. Because each material possesses a unique combination of atoms, no two compounds 
produce the exact same infrared spectrum. Therefore, infrared spectroscopy can result in a 
positive identification (through qualitative and quantitative analysis) for each functional group, 
directly and indirectly, by analysing the compounds that bear a particular functional group. In 
addition, the size of the peaks in the spectrum is a direct indication of the amount of material 
present. With modern software algorithms available nowadays, infrared is an excellent tool for 
quantitative analysis. 
3.7.2.1 FTIR spectra  
The FTIR spectra of the samples taken at different intervals of the activation process are shown 
in Figures 3.17 to 3.20. The comparative data for the intensity and area under the peaks gives 
a good indication of the effect of the chemical activation on the functional groups formed on 
the surface of the treated rubber compared to untreated rubber as a result of a series of chemical 
reactions expected to take place (elaborated in Section 3.2.1). 
Three samples from each batch at different time intervals were examined, using a solid 
IR probe. Different spots of each sample were also examined, and average data was taken for 
the analysis.  
The FTIR spectra of non-treated rubber samples were used in the analysis, along with 
treated rubber with potassium permanganate, hydrogen peroxide and sodium hydroxide. There 
are two regions in the FTIR graphs; 4000-1500 cm-1 on the wave number axis, which is the 
Functional Group Region (FGR) and 1500-400 cm-1 on the wave number axis, which is the 
Finger Print Region (FPR). Figure 3.16 shows the type of functional groups that exhibit 
absorption at the indicated wave number, mainly at 1500-1700 cm-1, that are mostly polar 
groups detected in the spectra of the activated samples with different chemical activation 




processes which increase the bond strength between the activated rubber (treated rubber) and 
the cement binder in concrete. The typical functional group that show absorption are 































Peaks in the FTIR are characteristic of specific kinds of bonds, and therefore, can be used to 
identify whether a specific functional group is present or not. Some of these functional groups 
are divided into four important regions as now elaborated. 
3200-3600 cm-1 is the hydrogen bonding and polar bonding region. Examples of 
functional groups generated by the activation process that are absorbed in this region are shown 
in Figure 3.16. Typical groups are amine, hydroxyl free, alcoholic hydroxyl, carboxylic 
hydroxyl, phenolic hydroxyl, amide, thiol, thio acid, aldehyde, and ammonium. Increasing the 
concentration and type of these functional groups is expected to enhance bonding between 
rubber and cement binder paste in concrete. 
C-H in the 2850-2950 cm-1 is related to the nonactive functional groups of alkyl and 
aromatic C-H. The activation processes decreased the intensity of these absorption peaks.  
Figure 3.16: Different type of functional groups that show absorption at the indicated wave number mainly 
at 1500-1700, Nicolet, Instruments of Discovery, http//www.nicolet.com. 




Several polar groups are absorbed in the region of 2200-2300 cm-1, such as the nitryl 
group C≡C, isocyanate -NCO, amine hydrochloride, oximes, -NH2OH, bonded phenolic OH, 
alkynes and nitril groups which are kNown as active groups. It is important to increase the 
presence of this active group in the activation of rubber particles. 
In the region between 1200-2000 cm-1, several polar functional groups are absorbed 
such as Sulphonamide –SO2NH2, aminoacids, esters, epoxides Nitrite -NO2, SO2, C=O, COO, 
COOR, unhydrides, lactones, CONH2, CO-NHR, quinone, NO3-, NH4+, amine, and C=CH. 
These polar functional groups are expected to be present in the treated rubber samples of the 
current study. 
The finger print region 600-1200 cm-1 shows absorption peaks of several polar groups 
expected to be introduced in to the rubber due to its activation such as C-Halide (F, Cl, Br, and 
I), epoxide, nitrite, nitrate, carbonate, -COOH, sulphoxide, sulphonic acid –SO3H, sulphate, 
and phosphate. 
To investigate the active groups quantitatively and also to find a relation between them 
for different types of treated rubber samples, the area under the peaks were estimated by 
modelling the graphs in MATLAB software and having those compared. The results are 




























Figure 3.17: FTIR spectrum of untreated rubber. 



























































Figure 3.18: Comparison of FTIR spectra of treated rubber with hydrogen peroxide after 6, 24, 30, 42, 56 
and 120 hours of starting the treatment. 



























































Figure 3.19: Comparison of FTIR spectra of treated rubber with potassium permanganate after 6, 24, 30, 42, 
56 and 120 hours of starting the treatment. 


























































Figure 3.20: Comparison of FTIR spectra of treated rubber with different chemicals after 6, 24, 30, 42, 56 
and 120 hours of starting the treatment. 




The typical FTIR spectra of the treated rubber samples at different sequences of treatment time 
intervals are shown in Figures 3.17 to 3.20. These are important for analysing the active 
groups, as explained previously. Four different areas are described for each type of rubber as 
below: 
• A1: area between 3200-3600 wave number (-cm-2) 
• A2: area between 2800-3100 wave number (-cm-2) 
• A3: area between 2200-2400 wave number (-cm-2) 
• A4: area between 1200-2000 wave number (-cm-2) 
According to Table 3.2, the relation between areas within the four important regions is 
calculated by the formula suggested below which introduces the K ratio as determined from 




A1 + A3 + A4
A2
                                                                                                                   (3 − 1)  
 
Please, note the calculation of K is a qualitative approach with the aim of trying to determine 
the presents of more or less active groups and all data collected on the identical conditions. 
As is seen, the maximum K is observed after 120 hours of treating rubber with potassium 
permanganate, being (6.09), and it is the highest number compared to all other types of treated 
rubber at different timeframes. This number (K= 6.09) shows that the bonding area related to 
active functional groups, such as OH, NH2, SO3- , COO-, and others are increasing in 
comparison to A2, which is a non-active group such as Aliphatic alkyl groups, -CH2-. This 
sample possesses the most activate group in the hydrogen bonding area (A1) and the least 
non-active group (A2). As such it may have the best bonding with the concrete paste potentially 
leading to larger compressive strengths. 
Rubber treated with sodium hydroxide shows the best results after 24 hours of 
treatment. Unlike the rubber treated with potassium permanganate, both the hydrogen bonding 
group and the non-active group (A2) increase. According to this result, bonding between the 
rubber treated with potassium permanganate and the concrete paste is expected to be 
significantly enhanced in comparison to rubber treated with sodium hydroxide. 
Rubber treated with diluted hydrogen peroxide shows limited changes compared to the 
two other methods of treating rubber (treating rubber with sodium hydroxide and treating 
rubber with potassium permanganate). The compressive strength of concrete samples with this 




group of treated rubber may result in weak bonding between the rubber treated with hydrogen 
peroxide and the concrete paste. This part will be discussed in Section 3.8, after testing the 
compressive strength of concrete made with different treated rubber. 
In this research, rubber particles were treated for 120 hours to ensure that maximum 
activation and no significant degradation took place in the treated rubbers during the 
activation process. 
The most important characteristic peaks observed due to activation with the three different 
chemical methods are as follows:  
• A broad hydrogen bonding absorption group at 3500 Cm-1 was generated due to 
activation. This absorption peak can be related to several functional groups, such as 
Hydroxyl, free amine, amide, free OH, bonded NH or NH2, Bonded OH, and NH4. 
• The other distinguished absorption peak occurred at about 2350 Cm-1, which could 
be related to amine hydrochloride, phenolic, isocyanate NCO, CN, NHOH present 
in the additives, adhesives, and accelerators commonly used in the manufacturing 
of tyres. These are all polar groups that had a noticeable effect on the surface 
bonding properties of the treated rubber. 
• The third and most important absorption peaks that increased in size due to 
activation were at 1400-1700 Cm-1, which may be related to carbonyl compounds 
such as carboxylic, carboxylate amides, or sulphonamides, sulphonates, or 
quinones. These are all active functional groups present in concrete admixtures, as 











































































































































3.7.2.2  Discussion 
A series of chemical activation procedures were carried out on rubber aggregates ranging from 
1 to 5 mm, in order to generate functional polar groups that form bonding with concrete paste.  
Three different methods of chemical treatment were studied: 
I. rubber particles treated with a saturated solution of potassium permanganate. 
II. rubber particles treated with 25% by weight sodium hydroxide. 
III. rubber particles treated with 12% hydrogen peroxide. 
The microstructure of the untreated and treated rubber particles was examined using SEM and 
FTIR analysis, aiming to detect changes in the microstructure and chemical structure of rubber 
particles. The following conclusions can be drawn from the study: 
1. By treating rubber particles with potassium permanganate, distinct cracks appeared 
on the surface of the rubber particles. As time progressed, these cracks became deeper 
and wider, and this was a sign of successful activation, which represents that the 
developing of active groups on the surface of rubber appeared as crazes and cracks. 
The craze or crack formation was due to the chain scission or breaking of the 
crosslinks of the vulcanised linkages. The FTIR spectra of this treatment method are 
in line with the SEM analysis results. The FTIR spectra showed that hydrogen 
bonding polar groups content increased with the treatment time due to the formation 
of new functional groups, as discussed in detail in Section 3, mainly with 
permanganate and sodium hydroxide treatment. 
2. Changes were observed on the surface of rubber treated with sodium hydroxide, but 
the changes were less when compared to rubber treated with potassium permanganate. 
No significant progressive changes were observed due to the extended activation time 
compared to permanganate. After 24 hours of treatment, the FTIR analysis showed 
an increase of the hydrogen bonding groups which would lead to the weakening of 
the bonding between the rubber and concrete paste. 
3. Rubber treated with hydrogen peroxide did not exhibit observable changes, even after 
an extended treatment period. The FTIR analysis of rubber treated by hydrogen 
peroxide, did not form considerable active groups on the rubber particles surface 
compared to the untreated rubber. Given the results of microstructural analysis it was 
concluded that treating rubber with potassium permanganate and sodium hydroxide 
may be the most promising methods to improve bonding in rubberised concrete. The 




mechanical properties of concrete mixes using untreated and treated rubber are 
provided in Section 3.8. 
 
3.8 Preliminary experimental tests 
In order to study the effect of rubber aggregate on the compressive strength of concrete, 
preliminary experimental set of tests were carried out. According to the available literature, 
mixing concrete with rubber aggregates decreases the compressive strength remarkably due to 
the low bonding between rubber and concrete paste (Eldin and Senouci (1993), Topçu and 
Avcular (1997) and etc.). In this part of the project, the effect of chemical treatment of rubber 
on the compressive strength of concrete mixed with rubber was investigated. The surfaces of 
the fractured samples were investigated by a microstructural characterisation technique to 
evaluate the bonding of concrete material to the rubber activated surfaces, based on the SEM 
images. This part of the research study was introduced as a preliminary experiment to verify 
and evaluate the efficiency of chemical treatment processes, which are an innovative method 
for activating rubber that can be used in the concrete industry and offer a green construction 
product. 
3.8.1 Basic materials 
Basic materials for the concrete mix were Portland cement, fine aggregates, coarse aggregates, 
and water. Portland cement is the commercial product readily available on the Australian 
Market, often named as “General Purpose Cement”. Fine aggregates were yellow washed 
Nepean river sand and the coarse aggregates were crushed limestone with the maximum 
size of 10 mm. Waste rubber crumb (1-5 mm) was supplied by TyreCycle company (Figure 
3.21) which were used as untreated rubber, rubber treated with potassium permanganate, 
hydrogen peroxide and sodium hydroxide were investigated. The superplasticizer used in the 
mix is Polycarboxylate ether (Master Glenium Sky 8100), and the solid polycarboxylate ether 


























3.8.2 Mix proportions 
Table 3.3 shows the material proportions used in this research work. Five different mixes of 
concrete were prepared and evaluated:  
• Mix 1: concrete with aggregates for a standard 60MPa mix.  
• Mix 2: concrete containing untreated rubber aggregates (1-5 mm) as a substitute of 3% 
by volume sand.  
• Mix 3: concrete mixed with rubber treated with potassium permanganate as a substitute 
of 3% by volume sand.  
• Mix 4: concrete mixed with rubber treated with hydrogen peroxide as a substitute of 
3% by volume sand 
• Mix 5: concrete mixed with rubber treated with sodium hydroxide as a substitute of 3% 
























Mix 1* 430 0 0 690 1090 175 11 
Mix 2* 430 10.35 0 669.3 1090 175 11 
Mix 3* 430 0 10.35 669.3 1090 175 11 
Mix 4* 430 0 10.35 669.3 1090 175 11 
Mix 5* 430 0 10.35 669.3 1090 175 11 
*Mix 1: Control concrete (CC). 
*Mix 2: Concrete mix contains 3% rubber particles (3UTRC). 
*Mix 3: Concrete mix contains 3% rubber treated with Potassium Permanganate (3TRCP). 
*Mix 4: Concrete mix contains 3% rubber treated with Hydrogen Peroxide (3TRCH). 
*Mix 5: Concrete mix contains 3% rubber treated with Sodium hydroxide (3TRCS). 
Figure 3.21: Rubber aggregate 1-5 mm. 
Table 3.3: Raw material proportions of mixes in 1 m3 concrete. 
 




3.8.3 Specimen preparation and test methods 
At this stage of the study, based on the limited quantities of activated rubber (treated rubber) 
prepared by different activation processes in the laboratory scale, small concrete cubes with 
dimensions of 100 × 100 × 100 mm were cast according to British Standard 1881 part 
116:1983. The specimens were demoulded after 24 hours and cured in the lime bath according 
to the British Standard 1881. 
This preliminary study was carried out to investigate the effects of chemically activated 
rubber (treated rubber) particles on the compressive strength of concrete mixes. The cubes 
were cured and tested to determine the compressive strength. The sizes of rubber particles were 
1 to 5 mm. Compressive strength tests were carried out at 7, 14 and 28 days.  
3.8.4 Casting, vibrating and curing 
The 100 × 100 × 100 mm moulds were lightly coated with oil prior to casting. Nine samples 
were cast for each concrete mix. After pouring, moulds were placed on a vibrating table for 
three minutes. Following this, the specimens were covered with plastic bags and kept in the 
laboratory for approximately 24 hours. After demoulding on the next day of casting, the cubes 
were immersed in the lime bath until the testing day. 
3.8.5 Compressive strength 
Compressive strength is generally the most important characteristic and fundamental property 
of concrete as many of the desirable characteristics of concrete are qualitatively related to its 
compressive strength in addition to its intrinsic importance in the structural design (Neville, 
1991).  
The average compressive strength of three cubes was recorded for 7, 14 and 28 days aged 
specimens. The tests were conducted under a load rate control condition in an 1800 kN 
universal testing machine with a load rate equivalent to 20 ± 2 MPa compressive stress per 
minute until no increase in force could be sustained at which time the maximum load was 
recorded. Compressive strength of the specimens was calculated by dividing the maximum 
force applied to the specimen by the cross sectional area.  




3.8.5.1 Results and discussion 
Table 3.4 and Figures 3.22 show the average compressive strength of all mixes at the age of 7, 
14 and 28 days. Figure 3.23 displays the reduction of the compressive strength of the rubber 




Average compressive strength1 (MPa) 
Mix 1 Mix 2 Mix 3 Mix 4 Mix 5 
7 day 64.93 46.92 51.45 48.62 47.75 
14 day 69.86 51.86 56.63 54.12 54.04 
28 day 73 59.05 63.04 59.64 57.17 
1 Average compressive strength of the test specimens calculated to the nearest 0.5 MPa in accordance with AS 
1012.9 
 
The results illustrate an increase in the compressive strength of Mixes 3 and 4 in comparison 
to other mixes that contain rubber. Furthermore, according to the FTIR spectra of untreated 
and treated rubber samples shown in Table 3.1, treated rubber with potassium permanganate 
has the largest peak related to hydrogen bonded groups, hence it is easy to predict that the 
compressive strength of these samples would be more than untreated rubber and even more 
than other treated samples. From these results, it is obvious that the methodology of this 






















Table 3.4: Compressive strength of 5 different concrete mixes. 
 
Figure 3.22: Compressive strength of 5 different concrete mixes. 





























3.8.6 Scanning Electron Microscope (SEM) of concrete samples 
As previously described, concrete samples prepared with treated and untreated rubber were 
cast and their compressive strengths were examined at the ages of 7, 14 and 28 days. At each 
age, fresh samples were taken from crushed concrete to investigate the bonding characteristic 
of rubber and concrete paste using electron microscope, and hence observing the boundary area 
conditions between rubber and concrete materials. For this purpose, a JEOL JSM 6510 (low 
vacuum) SEM instruments was used, as shown in Figure 3.11. 
3.8.6.1 Sample preparation for SEM analyses 
Fresh cut samples were taken at each age of 7, 14 and 28 days of concrete samples in a proper 
size to fit into the instrument chamber, and these had to be completely dry and free from dust 
so as not to damage the instrument. No other specific preparation was needed. Figure 3.24 





Figure 3.23: Comparison of compressive strength reduction of 5 different concrete mixes. 


















3.8.6.2 Results and discussion 
Figures 3.25, 3.26 and 3.27 show the SEM images of samples 3UTRC, 3TRCP, 3TRCH and 
3TRCS at the age of 7, 14 and 28 days with the magnification of 50, 500 and 1000. As seen, 
rubber particles are easily recognisable in the 3UTRC samples. There are not many concrete 
pieces left on the rubber surface after crushing of the sample; moreover, the gap between the 
rubber and the concrete paste widens over time. This is due to the lack of bonding properties 
of untreated rubber (refer to SEM images of untreated rubber in Section 3.7.1.2 and Figure 
3.12) which was proven by FTIR spectra shown in Figure 3.17. The accumulation of 
cementitious particles binded to the rubber increases with the curing time of concrete. The 
compressive strength of the samples increased as a function of the curing time. The weak 
bonding between rubber and concrete is proven by the gap that widens as the concrete cures 
through aging. At the age of 7 days for the 3TRCP samples, it was really difficult to find the 
rubber particles under the microscope as they were covered by the concrete paste completely. 
As shown in Figure 3.25, rubber particle is buried under cementitious material. As the samples 
age to 14 and 28 days (Figures 3.26 and 3.27), concrete pieces become larger and harder to 
distinguish from the rubber surface. Moreover, there is no significant gap observed between 
the rubber and the paste in these images. This mix exhibited the highest compressive strength 
(Table 3.4) among all rubber concrete mixes. This observation is a verification of the SEM and 
FTIR spectra for the rubber treated with KMNO4. 
Although the 3TRCH and 3TRCS samples do not show any significant bonding 
between the treated rubber and the concrete paste in the SEM images, the observed gap between 
the rubber particles and the cementitious material in these samples are smaller than 3UTRC 
samples.  
Figure 3.24: A sample of rubber concrete ready to put in instrument for SEM imaging.  




In conclusion, rubber treated with potassium permanganate showed promising results in every 
stage of this study, which is evidence that the oxidation method is the best to treat rubber and 
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In this chapter, the treating of rubber samples (1- 5 mm) was explained, and SEM and their 
FTIR spectra results were shown and discussed. The concrete samples of five different mixes 
were cast and their compressive strengths determined. At the end, SEM images of untreated 
and treated rubber concrete were studied. 
This chapter covered the important findings of this study, and began with details on 
taking the SEM images and FTIR spectra of untreated rubber particles, which did not show any 
significant bonding at the surface of the particles which is in harmony with the literature review. 
Compressive strength of 3% untreated rubber concrete (3UTRC) decreased by 27.74%, 25.77% 
and 19.11% at the ages of 7, 14 and 28 days in contrast with the control concrete (CC). This 
reduction was predicted according to the SEM images of 3UTRC which showed limited active 
functional groups on the surface of the rubber, resulting in low bonding between the rubber 
and the cementitious materials, and hence there were large gaps and lower compressive 
strength. 
Rubber treated with potassium permanganate (KMnO4) showed promising results in 
the SEM and FTIR studies. The surface of this type of rubber went through obvious changes 
during the time of treatment, and a significant amount of active functional groups were 
observed in the FTIR spectra after completion of the treatment (120 hours). The compressive 
strength of this type of rubber concrete was the highest among all types of mixes. SEM images 
of the samples was proof of the earlier predicted results, that the strength of control concrete 
was considered to be in the high strength concrete range, and the only rubber concrete mix 
which stayed in this range was the concrete containing rubber treated with potassium 
permanganate.  
SEM images and FTIR spectra of rubber treated with hydrogen peroxide and sodium 
hydroxide showed some changes on the rubber surface, although in comparison with rubber 
treated with potassium permanganate the changes were minimal. Concrete containing these 
two types of activated rubber (treated rubber) showed an enhancement of compressive strength 
in comparison to the untreated rubber concrete, but the enhancement was less in comparison 
with the concrete containing rubber treated with potassium permanganate. The SEM images of 
3TRCH and 3TRCS illustrated the lack of bonding between the treated rubber and the concrete 
paste. 
To summarise, treating rubber particles with potassium permanganate, which is an 
oxidisation method, showed significant improvement in bonding properties of waste tyre 




rubbers. The conclusion made from this preliminary study is that oxidation by a strong 
oxidising agent, and chemical hydrolysis by sodium hydroxide, are efficient for activation of 
waste tyre rubber for concrete application. An alternative oxidation process that can be applied 
at commercial scale kNown as thermo-oxidation could prove to be just as effective. In the next 
chapter this practical method of treatment which is cost effective, non-hazardous and 
commercially applicable will be studied and evaluated for use in concrete applications.
                                         
Thermal Treatment (Oxidation in Air) of 











In Chapter 3 the chemical activation of rubber showed promising results. Investigating the surface 
treatment of rubber with SEM and FTIR illustrated that treating rubber with potassium permanganate 
was the best treatment method. Although, all the treated rubber concrete samples showed enhanced 
compressive strength results compared to the 3% of untreated rubber concrete (3UTRC), but 
compressive strength of concrete containing 3% treated rubber with potassium permanganate was 
much more engaged than the concrete containing 3% treated rubber with sodium hydroxide or 
hydrogen peroxide. 
In this chapter, another approach is introduced to oxidise waste tyre rubber particles that 
strengthen bonding between rubber particles and concrete paste. This method is commercially 
applicable and is well kNown in asphalt air oxidation used for road paving to improve asphalt bonding 
properties. Furthermore, it is not expensive compared to chemical treatment and it can be applied 
safely in the present study. This method involves heating crumb rubber in the presence of oxygen, as 
an active oxidising agent, to oxidise the rubber surface and form reactive functional groups similar to 
chemical oxidation such as hydroxyl, carboxyl, sulphonate, amides, and others which are all highly 
polar and capable of forming hydrogen bonding and polar strong bonding with cementitious materials 
of the concrete paste. 
To demonstrate the validity of the heat treatment of rubber particles in the presence of oxygen 
or air, several samples of rubber were investigated using the thermal analysis technique. This was 
carried out in the presence of air as the fluent gas up to 750oC. In the first part of the experimental 
program (Thermogravimetry and Simultaneous Thermal Analysis), the technique was applied to 
rubber samples in Advanced Materials Characterisation Facility (AMCF) at Western Sydney 
University (WSU). The partially oxidised samples were investigated via Microstructural Analysis 
using SEM and FTIR to examine the surface oxidation of rubber particles. In the second part of the 
experimental program, samples of rubber crumb were activated in an electric furnace in the structural 
lab at WSU. In the following part of the study, a comparison was made between compressive strength 
(CS) and modulus of elasticity (MOE) of concrete containing HTR as a substitute of 5% sand in 
volume (5TORC), concrete containing UTR as a substitute of 5% sand in volume (5UTRC), and 
control concrete (CC). Moreover, 10%, 20% and 30% of sand (by volume) was replaced by HTR and 
UTR to find the optimum percentage of HTR in concrete. This part of the study represents a 
preliminary investigation to ensure that the thermos oxidation of rubber is successful, and this is 
performed only in order to establish a base for the final integrative study for the structural 
experimental part, therefore to prevent the waste of materials and to ensure time efficiency, small 
cylinders of 50 mm diameter and 100 mm height were used. 
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4.2 Experimental program—part 1 
The objective of the following research was to determine the optimum conditions for thermo-
oxidative surface activation of rubber to be used as an alternative to chemical activation. The 
investigation was performed by means of an advanced technique of thermal analysis which measures 
several thermal analysis parameters instantly on the same sample such as Derivative 
Thermogravimetry (DTG), Differential Scanning Calorimetry (DSC) analysis, Thermos Mechanical 
Analysis, and other parameters, as a function of temperature at a predetermined heating rate under 
specified effluent gas. The technique to activate the sample will be carried out under the flow of air 
at 10°C/min from an ambient temperature of up to 590°C (note that above 550°C, rubber decomposes 
at very high rate). From the obtained TGA thermograms, shown in Figures 4.2, 4.3 and 4.4, the 
optimum activation temperature was concluded to be 325°C. The isothermal thermos oxidation tests 
were carried out at two selected temperatures, 325°C and 370°C, for the predetermined time. The 
obtained thermo-oxidative samples were examined by FTIR and SEM to investigate the type of active 
polar functional groups formed due to thermo-oxidation.  
4.2.1  Simultaneous thermal analysis and thermo gravimetric analysis 
Thermo Gravimetric Analysis (TGA) is a technique in which the mass of the sample is monitored as 
a function of temperature or time as the sample is subjected to a controlled temperature program in a 
controlled atmosphere. A TGA consists of a sample pan that is supported by a precision balance. That 
pan resides in a furnace and is heated or cooled during the experiment. The mass of the sample is 
monitored during the experiment. The sample’s purge gas controls the sample’s environment. This 
gas may be inert or a reactive gas that flows over the sample and exits through an exhaust.  
In the present experiment, rubber samples were heated from room temperature up to 590°C at 
the heating rate of 10°C/min. The atmosphere was atmospheric air with the flow rate of 25ml/min 
and the protective gas was argon with the flow rate of 25 ml/min.  
4.2.2 Instrument 
In this study, the NETZSCH STA 449C Jupiter thermos-balance apparatus was performed (Figure 
4.1). Using this apparatus, the measurements can be carried out on samples of up to 5g in weight and 
5ml in volume, while maintaining a balance resolution of 0.025μg. The system can operate from 20°C 
up to 1500°C under various atmospheres such as argon, nitrogen or air. Several simultaneous thermal 
analysis measurements can be fulfilled on the same sample, such as Thermogravimetric Analysis 
(TGA), Differential Scanning Calorimetry (DSC), and Differential Thermal Analysis (DTA). A 
variety of crucibles can be used to carry out the measurements, such as aluminium and alumina 
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(Al2O3), platinum, graphite, fused silica, gold, silver and zirconia. In this study, an aluminium crucible 


















4.2.3 Instrument set up and measurement conditions 
Tyres are made of vulcanised rubber with sulphur and a wide range of additives such as carbon black, 
latex, resin as adhesives, antioxidants, stabilisers, accelerators and other materials, according to the 
weathering conditions and applications.  
To meet the criteria of the tyre heating range, 15g-120g of rubber samples were heated in the 
Thermos Balance at a heating rate of 10°C/min, from room temperature up to 590°C. The 
measurements were carried out in the air atmosphere at the flow rate of 25 ml/min. The protective 
gas was argon with the flow rate of 25 ml/min.  
In this study, the simultaneous thermo-analytical technique was performed to measure DSC-
DTG as a function of temperature, and isothermally as a function of time, at constant temperatures 
under the same conditions. 
4.2.4 Definitions 
To understand the results of thermogravimetry and simultaneous thermal analysis (STA), the 
following terms are described according the Nesh manual 
(https://www.nesh.com.my/index.php/en/service/user-manual): 
• Calorimeter measures heat passing in or out of a sample. 
• Differential calorimeter measures the heat of a sample relative to a reference. 
• Differential scanning calorimeter (DSC) does all of the above during heating, usually with 
linear heating ramp or scanning rate (dT/dt). 
– Endothermic heat is the heat absorbed by the sample 
Figure 4.1: The NETZSCH STA 449C Jupiter is a TG and DSC apparatus. 
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– Exothermic heat is the heat released by the sample 
• Differential Thermal Analysis (DTA) 
– the temperature difference between a sample and an inert reference material 
–  ∆T = TS - TR, is measured as both are subjected to identical heat treatments 
• Differential Scanning Calorimetry (DSC) 
– the sample and reference are maintained at the same temperature, even during a 
thermal event (in the sample) 
– the energy required to maintain zero temperature differential between the sample and 
the reference, d∆q/dt, is measured 
• Thermogravimetric Analysis (TGA) 
– the change in the mass of a sample when heating is measured 
• Thermogravimetry (TG)  
– mass (m) 
– measures change in weight during heating or cooling 
• Derivative Thermogravimetry (DTG), dm/dT 
– measures the maximum change in weight during heating or cooling dm/dt 
• Differential Scanning Calorimetry (DSC), dH/dT 
– measures heat absorbed or liberated during heating or cooling 
 
4.2.5 Results and discussions 
Simultaneous Thermal Analysis (STA) was run on several waste tyre rubber samples under similar 
conditions. The sample was left to stabilise in the flowing gas atmosphere for 10 minutes. Figure 4.2 
illustrates typical thermogram which consists of DSC, TG, and DTG response curves.  
The temperature range (ambient to 340 ºC): 
• DTG curve (solid green) shows that during the heating up to 340ºC, there is a gradual 
mass loss at the rate of 2.21% of the total sample mass. This represents the initial activation 
stage of the sample which is usually used to determine the activation energy of the 
decomposition at the testing conditions.  
The second temperature range 340ºC and 425ºC: 
• The DTG curve showing total mass loss at this stage of 14.09% with a maximum mass 
loss rate of 4.4% at 380ºC as indicated by the DTG curve (dotted green). 
• The DSC curve (blue line), shows heat absorption (Exothermic peak) of 1.96 mW/mg at 
386.6 ºC.   
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The third temperature range 425ºC to 500ºC: 
• DTG illustrates a sharp mass loss taking place in this range with the total loss of 41.04%, 
maximum mass loss at 500ºC, and optimum rate of mass loss of 6.99% at 458ºC. As 
indicated by the DTG curve, major degradation and decomposition reactions take place in 
this stage. 
• The DSC curve shows an exothermic peak at 459.7 ºC and at the rate of 2.871mW/mg.   
• After 500ºC, a very small mass loss is observed, equal to 5.39% forming char. 
As a summary on thermal analysis of rubber particle, maximum decomposition happens at 458.1°C 
(decomposition of polybutadiene) and 380.8°C (decomposition of natural rubber). The thermograms 
showed limited mass loss from ambient temperature to almost 340°C, which is the thermal activation 
stage. According to the results of thermograms, it was decided to carry out the isothermal test on 
rubber samples (1-5 mm) at 325°C, and at 370°C in order to optimise the best activation temperature 
to be used in this study. 
Figure 4.3 shows the TG and DSC results for the isothermal treatment at 325ºC. The rubber 
sample was kept at this temperature for 10 minutes. The DSC curve shows an endothermic peak up 
to 250˚C followed by an exothermic peak of 0.5905 mW/mg at 330°C.The isothermal treatment at 
325˚C ended with a total mass loss of 5.09% at two stages, from ambient temperature to 225˚C (mass 
loss 1.96%) and at 325˚C (mass loss 3.4%).  
The isothermal treatment at 375˚C represented in Figure 4.4, showed a mass loss of 3.995% 
from ambient temperature to 250˚C. This loss was accompanied by an endothermic broad peak, 
followed by an extra mass loss of 26% at the isothermal treatment temperature, giving the total loss 
of 29.995% with an exothermic peak of 0.529 at 361˚C, as indicated by the DSC curve. This high 
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4.2.6 Scanning Electron Microscope (SEM) and Fourier Transform Infrared Spectroscopy 
(FTIR) investigation 
While 325°C was recognized as the best heat treatment target temperature, based on the thermal 
analyses results and as confirmed by the SEM imaging and FTIR spectroscopy, further investigation 
was carried out on the heat treated samples up to 370°C. 
4.2.6.1 Results and discussion 
Figure 4.5 shows SEM images of UTR and HTR up to 325°C and heat-treated rubber up to 370°C. 
Effect of heat treatment is obvious on rubber samples, as the beginning of decomposition is observed 
on the rubber surface at 370°C. 
Figure 4.6 shows that rubber at 325°C resulted in the most active group recognisable with 
hydrogen bonding and polar bonding region. Also, in these samples, non-reactive functional groups 
of alkyl groups and aromatic C-H decrease significantly. Moreover, several polar functional groups 
are absorbed in region A3 enhancing the bonding properties of rubber. Table 4.1 shows that the K 
ratio following Eq. 3-1 was 60.56 which is the highest ratio obtained of all the types of rubber treated 
chemically or by heat. 
However, the FTIR spectra of rubber heated up to 370°C shows more active groups compared 
to the untreated rubber, yet less than the group of treated rubber up to 325°C.  Therefore, it can be 
concluded that non-active functional groups in region A2 are even more active than untreated rubber. 
The K ratio for this type of rubber is 2.38, which is higher than untreated rubber but lower than heat 






















Figure 4.5:  SEM images of untreated rubber, and heat treated rubber at 325°C and 370°C in low vacuum 
condition. 
 
Untreated rubber Heat-treated rubber 
up to 370°C 
 
Heat-treated rubber 




















































A1: Area between 
3200-3600 wave 
number (-cm-2) 
A2: Area between 
2800-3100 wave 
number (-cm-2) 
A3: Area between 
2200-2400 wave 
number (-cm-2) 




Untreated rubber 0.04 0.55 0.02 0.85 1.65 
Heat treated-rubber 
up to 325°C 
3.96 0.09 0.78 0.71 60.56 
Heat treated-rubber 
up to 370°C 
2.44 1.96 0.74 1.49 2.38 
Figure 4.6: FTIR spectrum of untreated rubber. 
 
Figure 4.8: FTIR spectrum of heat treated rubber up to 370°C. 
Figure 4.7: FTIR spectrum of heat-treated rubber up to 325°C. 
Table 4.1: The relation between areas under the peak in FTIR spectra for different type of rubber. 
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4.3 Experimental program—part 2  
Investigation of the mechanical and structural properties of rubberised concrete requires the activation 
of several kilograms of rubber at similar activation conditions. The ideal activation was carried out 
using a thermal analyser, as explained in Section 4.2 (Experimental program—part 1). For this 
purpose, an electric temperature-controlled furnace was used to treat bulk rubber samples at the 
Structures laboratory of Western Sydney University. 
4.3.1  Instrument  
As concluded in Section 4.2.8.1, heat-treating of rubber at 325°C was successful, as confirmed by 
SEM images and FTIR spectroscopy. To continue the experimental tests, adequate rubber between 
1-2 kg was heated to the target temperature in a PRASCON electric furnace in the Structures Lab of 
Western Sydney University, as shown in Figure 4.7. The internal dimensions of the furnace were 350 
mm × 250 mm, and the external dimensions were 620 mm × 630 mm. The furnace was equipped with 
an electric silicon carbide heating element which could reach a maximum temperature of 1300°C. 




















4.3.2 Instrument set up and conditions 
Rubber crumbs in iron cast crucibles were subjected to heat at a rate of 10 deg/min, and up to 325°C 
in the presence of air, then kept for 10 minutes to fulfil the thermo-oxidative activation. The activated 
samples were then cooled to ambient temperature. 
Figure 4.9: The electric furnace (PRASCON) in Structures Lab at Western Sydney University. 
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4.4 Preliminary experimental tests performed to evaluate the mechanical properties 
After preparing a bulk quantity of the activated rubber in the electric furnace, small scale experiments 
were designed to evaluate the Compressive Strength (CS) and Modulus of Elasticity (MOE) of 
different concrete mixes containing no rubber, untreated rubber and furnace activated rubber. The 
first objective of this experimental investigation was to optimise the concrete mix content of the 
furnace activated rubber. The second objective of this part of the study was to investigate the fresh 
and hardened properties of control concrete and rubberised concrete samples to obtain the optimised 
percent of rubber in the concrete. Finally, the third objective was to investigate bonding properties of 
the thermos oxidative rubber and concrete paste, in addition to microstructural investigation of 
untreated rubberised concrete and furnace-activated rubberised concrete by SEM imaging. Different 
mixes of concrete were designed for this purpose as per the following order: 
• Mix 1: Control concrete (CC), 
• Mix 2: 5% untreated rubber concrete (5UTRC) which is concrete containing untreated rubber 
as a substitute of 5% sand, 
• Mix 3: 5% heat treated rubber concrete (5HTRC) which is concrete containing untreated 
rubber as a substitute of 5% sand, 
• Mix 4: 10% untreated rubber concrete (10UTRC) which is concrete containing untreated 
rubber as a substitute of 10% sand, 
• Mix 5: 10% heat treated rubber concrete (10HTRC) which is concrete containing untreated 
rubber as a substitute of 10% sand, 
• Mix 6: 20% untreated rubber concrete (20UTRC) which is concrete containing untreated 
rubber as a substitute of 20% sand, 
• Mix 7: 20% heat treated rubber concrete (20HTRC) which is concrete containing untreated 
rubber as a substitute of 20% sand, 
• Mix 8: 30% untreated rubber concrete (30UTRC) which is concrete containing untreated 
rubber as a substitute of 30% sand, 
• Mix 9: 30% heat treated rubber concrete (30HTRC) which is concrete containing untreated 
rubber as a substitute of 30% sand. 
4.4.1 Basic materials 
The basic materials for the concrete mix were as follows: 
• Portland cement that is commercially available in the Australian Market, commonly called 
“General Purpose Cement” in Australia. 
• Fine aggregates were yellow washed Nepean river sand. 
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• Coarse aggregates were crushed limestone with the maximum size of 10 mm. 
• Water was sourced from the available tap water. 
• The superplasticiser used in the mix was Polycarboxylic (Master Glenium Sky 8100) 
which compensated for the reduction of slump caused by the replacement of sand with 
rubber. 
• Waste rubber crumb (1-5 mm) which was supplied by the TyreCycle company, which was 
used in this experiment as untreated or heat-treated rubber, as explained in Section 4.3. 
4.4.2 Mix proportions 
Table 4.2 shows the material proportions used in this research work. There are nine different mixes 
of concrete, as elaborated in Section 4.4 and Table 4.2.  
 
 
4.4.3 Samples preparation and test methods 
At this stage of the study, concrete cylinders with dimensions of a 50 mm diameter and 100 mm 
height were cast using small moulds, so that consumption of activated rubber was kept at a minimum 
and a wide range of compositions were covered. The specimens were demoulded after 24 hours and 
cured in a lime bath according to the Australian standard (AS1012). 
  Slump and wet density tests were carried out for all mixes. Cylinders were cured and tested 
at 7, 14 and 28 days. All the tests were performed at ambient temperature. 
4.4.4 Casting, vibrating and curing 
Cylinder moulds were lightly coated with oil before use. Nine samples were cast for each concrete 
mix. After pouring, moulds were placed on a vibrating table to vibrate for 1 min. Following this, the 



















Mix 1 430 0 0 690 1090 175 11 
Mix 2 430 17.25 0 655.5 1090 175 11 
Mix 3 430 0 17.25 655.5 1090 175 11 
Mix 4 430 34.5 0 621 1090 175 11 
Mix 5 430 0 34.5 621 1090 175 11 
Mix 6 430 69 0 552 1090 175 11 
Mix 7 430 0 69 552 1090 175 11 
Mix 8 430 103.5 0 483 1090 175 11 
Mix 9 430 0 103.5 483 1090 175 11 
Table 4.2: Raw material proportions of mixes in 1 m3 concrete. 
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day of casting, the cylinders were immersed in the lime bath until the testing day. All specimens were 
cast, vibrated, levelled, finished, demoulded and cured in accordance with the Australian Standards 
(AS1012). 
4.4.5 Compressive strength (CS) 
Compressive strength was determined on the cast cylinders. The average compressive strength of 
three cylinders was recorded for 7, 14 and 28 day aged specimens. The tests were conducted under a 
load rate control in an 1800 kN universal testing machine at a load rate equivalent to 20 ± 2 MPa 
compressive stress per minute until no increase in force was sustained, at which time the maximum 
load was recorded. The compressive strength of the specimens was calculated by dividing the 
maximum force applied to the specimen by the cross-sectional area. 
Table 4.3 and Figure 4.10 exhibit the average compressive strength of all mixes at 7, 14 and 
28 days of age. Figure 4.11 displays the reduction in compressive strength of the rubber concrete 
mixes relative to the control concrete mix. These results illustrated that by increasing the rubber 
content higher than 20%, the CS at 28 days decreases remarkably which is not a desirable behaviour 
for the structural application. Although, by replacing sand with rubber, the CS of all samples 
decreases, but using HTR instead of UTR enhances the outcomes compared to untreated rubber. 
However, using 5% of UTR or HTR in concrete results in almost the same 28 days CS, but the 10% 
HTRC (Mix 5) reaches almost the same strength and percentage reduction in CS (13.5%), which is 


















Average compressive strength1 (MPa) 
Mix 1 Mix 2 Mix 3 Mix 4 Mix 5 Mix 6 Mix 7 Mix 8 Mix 9 
7 days 54.75 49.68 54.14 36.75 44.68 33.45 30.3 16.76 12.30 
14 days 60.22 54.43 55.55 43.64 50.54 36.65 34.57 20.6 18.20 
28 days 66.02 56.4 57.64 45.94 57.11 38.93 41.5 23.5 25.05 
Table 4.3: Compressive strength of 9 different concrete mixes. 
 



























































Figure 4.10: Comparison of compressive strength of 9 different concrete mixes. 
Figure 4.11: Comparison of reduction in compressive strength of 9 different concrete mixes. 
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4.4.6 Modulus of Elasticity (MOE)  
Modulus of elasticity (MOE) is an important factor in structural design. The significance of the elastic 
limit in structural design lies in the fact that it represents the maximum allowable stress before the 
material undergoes permanent deformation. The elastic modulus of material influences the rigidity of 
the design (Siringi 2012). The modulus of elasticity is a very important mechanical property of 
concrete. The higher the value of the modulus, the stiffer the material. Thus, comparing a high-
strength concrete to a normal-strength concrete, one can see that the elastic modulus for high-strength 
concrete will be higher, thereby making it a stiffer type of concrete. The MOE depends on several 
factors: the type of course aggregate, mixture design, curing conditions, loading rate, chemical 
admixtures and mineral admixtures (Vakhshouri and Nejadi, 2017). 
At this stage of the research the focus was on evaluating the MOE characteristic of HTRC as 
a new structural concrete. The MOE was measured for all concrete mixes at different curing ages, in 
accordance with AS 1012.17 (1997).  
In AS1012.17, MOE is defined as the gradient of the chord drawn between two specific points 
on the stress-strain curve. According to this standard, these two points should be taken as follows: 
 Point 1: at 50 micro-strains and stress corresponding to this strain  
Point 2: at the stress equivalent to “test load” and its corresponding strain, where the test load 
is equivalent to 40 percent of the average compressive strength, tested in accordance 
with AS 1012.9 immediately prior to the static chord MOE test. 
The test was conducted under a load rate control condition in an 1800 kN universal testing machine 
at the load rate equivalent to 15 ± 2 MPa per minute. The MOE of concrete samples can be calculated 





                                                                                                                        (4 − 1) 
 
where Ec is the concrete modulus of elasticity in MPa, G2 is the test load (as described above), divided 
by the cross-sectional area of the specimen; G1 the applied load at a strain of 50 × 10-6 divided by the 
cross-sectional area of the specimen in MPa, and ε2 is the strain corresponding to deformation at test 
load (strain = deformation divided by the gauge length) in 10-6 m/m. To measure the longitudinal 
strain, two strain gauges (PFL-10-11-1L, supplied by Bestech) were installed on the two opposite 
longitudinal surfaces of cylinders. Strain gauges were connected to a data logger to collect data. 
The results of the modulus of elasticity of 9 different concrete mixes are shown in Table 4.4 and 
Figure 4.12. 
 





 Modulus of elasticity (MOE) in GPa 
Age Mix 1 Mix 2 Mix 3 Mix 4 Mix 5 Mix 6 Mix 7 Mix 8 Mix 9 
7 days 35.9 29.4 34 27.6 31.5 27.6 29.6 25.2 27.3 
14 days 36.5 30.7 34.7 29 33.2 28.6 34.5 26.8 27.8 
28 days 37.32 33.75 35.8 31.49 35.16 30.35 35 27.5 28.6 
 
The average value of the modulus of elasticity of the control concrete (28 days) is 37.32 GPa, while 
for rubberised concrete with 10% heat-treated rubber the modulus of elasticity is 35.16 GPa, which 
is about 94% of the control concrete. The modulus of elasticity decreased with the increase of rubber 
content for all rubberised concrete mixes compared to the concrete without any rubber. While the 
rubber content varied from 5 to 30%, the modulus of elasticity for untreated rubberised concrete 
reduced from 9.6 to 26.3%, though for heat-treated rubberised concrete it reduced from 4.1 to 5.8% 
in comparison to the control concrete. The above behaviour can be explained in connection with the 
lower modulus of elasticity of rubber. Therefore, higher amount of rubber in concrete causes higher 
reduction in MOE of rubber concrete. The results show that heat-treating affects the elasticity of 


















 Figure 4.12: Comparison of modulus of elasticity of 9 different concrete mixes. 
Table 4.4: Modulus of elasticity of the nine concrete mixes. 
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4.4.7 Scanning Electron Microscope (SEM) of concrete samples 
As described previously, concrete samples with a different percent of heat-treated and untreated 
rubber content were cast and their compressive strength and MOE were examined at ages of 7, 14 
and 28 days. At the age of  28 days, samples were taken from the crushed concrete cylindrical samples 
to investigate the bonding characteristic of the rubber and concrete paste under an electron 
microscope, in order to observe the boundary area conditions between the rubber and concrete 
materials. This was performed using JEOL JSM 6510 (Low vacuum) SEM instruments. 
4.4.7.1 Sample preparation for SEM analyses 
Fresh cut samples were taken from the 28 day aged concrete samples in a proper size to fit into the 
instrument chamber. The samples had to be completely dry and free of dust. No further preparation 
was needed. 
4.4.7.2 Results and discussion 
Figure 114. shows the SEM images of UTRC and HTRC samples at the age of 28 days with the 
magnification of 50, 500 and 1000 in low vacuum condition. The images show easily recognisable 
rubber particles in the UTRC samples with limited concrete pieces left on the rubber surface after the 
crushing of the sample. Moreover, the gap between the rubber and concrete paste is clearly developed 
in the UTRC compared to HTRC, which was due to the lack of bonding of the untreated rubber, 
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It was difficult to find the rubber particles in the SEM images from the samples that contained 
activated rubber, as these were covered completely by the concrete paste. As shown in Figure 4.13, 
heat-treated rubber particles were buried under cementitious material and concrete pieces were larger 
and harder to observe in distinction from the rubber surface, unlike the UTRC samples in which no 
affects were observed. Moreover, no significant gap was seen between the rubber and paste in the 
HTRC samples, and this observation is verification of the SEM and FTIR spectra in the heat-treated 
rubber crumbs. 
In conclusion, heat-treated rubber crumb showed promising results, which proves that the 
oxidation method in the presence of heat is successful in treating rubber and enhancing its bonding 
properties. 
4.5 Conclusion 
The thermo oxidative method was carried out to prepare bulk quantities of activated rubber, by 
oxidising the surface of the waste tyre rubber particles to form active and polar functional groups. 
Thermogravimetric, Simultaneous Thermal Analysis, Microstructural Analysis (SEM and FTIR) and 
mechanical properties for the samples containing untreated rubber and thermos-oxidative activated 
rubber compared to the standard concrete mix, concluded that the thermo oxidative method enhances 
the bonding between the activated rubber surface and concrete paste.  
The following conclusions can be made from this study: 
• By increasing the rubber content to amounts higher than 20%, the CS of 28 days decreases 
remarkably, rendering it unsuitable for structural applications. This has to be further 
studied in the future but is beyond the scope of the current research. 
• Although the results of CS show that by replacing different percentages of sand with 
rubber, the CS of all samples decreased, and employing HTR instead of UTR enhances 
the outcome in comparison to the untreated rubber. 
• Using 5% of UTR or HTR in concrete results in similar CS to the samples aged 28 days, 
but the reduction in CS of the samples is less when HTR is used in lieu of higher 
percentages of rubber content. 
• At the age of 28 days, 10HTRC (Mix 5) reaches almost similar strength and percentage 
reduction of CS (13.5%) as 5HTRC, while 10UTRC shows more than 30% reduction in 
CS compared to CC. 
At this stage of the study, 10% heat-treated rubber concrete presents itself as the optimised rubber 
content.
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In the previous chapter, heat treated rubber (HTR) was examined to check the developed bonding 
agent on a rubber surface. After obtaining promising results, different percentages of sand were 
replaced by HTR from 5% to 30% in concrete mixes. By investigating the compressive strength and 
modulus of elasticity of different rubber concrete mixes, 10% heat treated rubber concrete (10HTRC) 
was decided to be the optimal rubber content in mix design. In order to adhere to the Australian 
Standards, it was necessary to study the mechanical properties of 10HTRC in a larger size, unlike the 
small cylinders of 50 mm diameter by 100 mm height used previously.  
In this study, material properties of control concrete (CC), 10% heat treated rubber concrete 
(10HTRC) and 10% untreated rubber concrete (10UTRC) were evaluated in the laboratory with a 
focus placed on the 10HTRC as a novel newly-developed material for structural applications. 
Mechanical properties were assessed for all types of materials under normal environments according 
to AS1012, including the compressive strength, modulus of elasticity (MOE), tensile strength 
(splitting tensile strength), and modulus of rupture (MOR). 
This chapter includes three main parts: an introduction to the materials, a description of material 
properties tests, and the results and discussions for the 10HTRC, 10UTRC and CC with the same mix 
design as those presented in chapters 3 and 4. After investigating different mix designs and in order 
to optimize the mechanical properties of 10HTRC, the second part comprises the results and 
discussions of material properties tests performed on 10HTRC, 10UTRC and CC with a new mix 
design in which fly ash was added to optimize its mechanical properties of concrete mixes. Finally, 
in the third part of this chapter, the fire resistance properties (under elevated temperature) of all 3 
types of concrete mixes according to ISO 834 standard are investigated. 
5.2 Experimental Description-Part 1 
5.2.1 Mix proportion  
Different mixes of concrete were designed as per the following: 
• Mix 1: Control concrete (CC) which is aimed to be of high strength; 
• Mix 2: 10% untreated rubber concrete (10UTRC) which is concrete containing untreated 
rubber as a substitute of 10% sand; 
• Mix 3: 10% heat treated rubber concrete (10HTRC) which is concrete containing heat-treated 
rubber as a substitute of 10% sand; 
All mixes were prepared at the Structures Laboratory of Western Sydney University. A summary of 
the characteristics of mixes are shown in Table 5.1.  
 








5.2.2 Basic materials 
Basic materials for concrete mix were the same material as those explained in Section 3.8.1. 
The properties of fine and coarse aggregates are provided in Table 5.2 and grading of the aggregates 




5.2.3 Specimen preparation and test methods 
Mechanical properties tests for three types of concrete mixes were performed in accordance with the 
relevant Australian Standards (AS1012 series), such as the compressive strength (CS), modulus of 
elasticity (MOE) and modulus of rupture (MOR) The specimens were demoulded after 24 hours and 
cured in the fog room until the testing day, according to the Australian standard (AS1012 series). All 
of the tests were performed at ambient temperature and at the age of 7, 14, 28 and 56 days. Also, the 
dry density of the concrete samples was determined according to AS 1012.12.1 (Australian Standard 





























Mix 1 430 0 0 690 390 700 175 - 
Mix 2 430 34.5 0 621 390 700 175 - 




Density on an 
oven dried 
basis (Kg/m3) 
Density on a saturated 




Crushed limestone 2.65 2621 2629 0.32 
Yellow washed Nepean river sand 2.6 2611 − 10.5 
Table 5.1: Raw material proportions of mixes in 1 m3 concrete. 
Table 5.2: Properties of fine and coarse aggregates. 
























5.2.4 Casting, vibrating and curing 
Cylinder and prism moulds were lightly coated with oil before use. Three samples were cast for each 
age of the three concrete mixes. After the pour, moulds were placed on a vibrating table to vibrate for 
one minute. Then, the specimens were kept covered in the laboratory for about 24 hours. After 
demoulding on the next day of casting, the specimens were kept in the fog room until the testing day. 
All specimens were cast, vibrated, levelled, finished, demoulded and cured in accordance with the 
Australian Standards (AS1012 series). 
5.2.5 Workability  
In the determination of the workability of fresh concrete (slump test), the first objective of the practice 
is to determine the amount of collapse or slump, as an indication of the workability of different types 
of fresh concrete mixtures. The slump test is suitable for the site and laboratory used as it determines 











26.5 mm − 100 
19 mm − 84 
13.2 mm − 42 
9.5 mm − 16 
6.7 mm 100 11 
4.75 mm 98 2 
2.36 mm 82 − 
1.18 mm 74 − 
600 µm 52 − 
425 µm 25 − 
300 µm 14 − 
150 µm 3 − 
75 µm 1 − 
Table 5.3: Sieve analysis of fine and coarse aggregates. 
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experiments, three different results were obtained for each batch of the mix.  The slump measured 
was recorded using a truncated cone with a vertical height of 300 ± 5 mm using the formula provided 
in AS 1012.3.1:2014 which is; 
 
The slump = the height of the cone – the height of the concrete cone after the slump test. 
 
Slump shape is divided into three types which are true, shear and collapsed. In this experiment, the 
fresh mixes were cohesive and workable. Neither of the samples collapsed or sheared. No separation 
of coarse aggregate particles from the mortar matrix was observed during the concrete placement. 
Meanwhile, no obvious bleeding was found for the fresh concrete after placement. The workability 
of concrete was evaluated by standard slump tests conducted at the time of placing. The measured 
initial slump values for different concrete mixes are presented in Table 5.4. As expected, concrete 
mixes containing rubber generally had smaller slump values than the control concrete mix, which 




Mix 1 (CC) 
Mix 2 
(10UTRC) 
Mix 3 (10HTRC) 
120 105 104 
 
Khatib and Bayomy (1999) noted that by increasing the rubber content in concrete, the slump and 
unit weight decreased, but it still gave a workable mix despite the added rubber when compared with 
ordinary concrete. 
5.2.6 Density of hardened concrete 
According to AS1012.12.1-1998, the density (mass per unit volume) of hardened concrete was 
measured. As expected, the density of 10UTR and 10HTRC was less than CC, due to 10% of sand 
being replaced by rubber crumbs. The average measured density values at the concrete ages of 3, 7, 




Table 5.4: Slump values for different concrete mixes. 
 

















Figure 5.1 shows the best-fit line for the average density of all mixes. The density of 10UTRC is less 
than 10HTRC although they have the same amount of rubber content, which could be due to the 
surface treatment of the heat treated rubber which resulted in better bonding between rubber particles 
and concrete paste compared to 10UTRC. Therefore, 10HTRC material is denser and is less porous, 
especially around the rubber particles inside the concrete.  
5.2.7 Compressive strength (CS) 
Compressive strength (CS) and a sample preparation were performed as explained in Sections 3.8.3. 
All compressive strength tests were carried out on cylindrical specimens of 100 mm diameter with 
200 mm length following AS1012.9 (1999). Figure 5.2 shows an INSTRON 8036 testing machine 
which was used to measure compressive strength and modulus elasticity of specimens. 
The average compressive strength of three cylinders of each mix was recorded for 7, 14, 28 
and 56 days aged. Table 5.6 and Figures 5.3 show the average compressive strength of three concrete 
mixes (CC, 10UTRC and 10HTRC). As expected, the compressive strength of 10HTRC was higher 
Age 
Average Density (Kg/m3) 
Mix 1 (CC) Mix 2 (10UTRC) Mix 3 (10HTRC) 
7 days 2388.12 2271.34 2331.85 
14 days 2396.67 2287.73 2338.6 
28 days 2391.01 2282.26 2328.24 
56 days 2394.6 2286.24 2333.52 
Table 5.5: Density of hardened concrete for different mixes. 
 
Figure 5.1: Density of hardened concrete for different mixes. 
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than 10UTRC, but according to Figure 5.4 the reduction in its compressive strength was higher than 
the results in Section 4.4.5. Furthermore, the compressive strength of CC is less than what we 
categorised as high strength concrete.  
In Part 2 of the experimental, different concrete mix designs were studied in order to find the 






















Average compressive strength1 (MPa) 
Mix 1 (CC) Mix 2 (10UTRC) Mix 3 (10HTRC) 
7 days 44.17 27 31.61 
14 days 50.35 31.55 37 
28 days 55.3 34.76 40 
56 days 56 36.3 41.3 





Figure 5.2: INSTRON 8036 testing machine which measured the compressive strength and modulus of 
elasticity of the specimens. 
Table 5.6: Compressive strength of CC, 10UTR and 10HTRC (MPa). 
 
















































Figure 5.3: Comparison of compressive strength of CC, 10UTRC and 10HTRC. 
Figure 5.4: % Reduction in compressive strength of 10UTRC and 10HTRC compared to CC. 
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5.2.7.1 Mode of failure  
The failure pattern of all concrete specimens after testing at 7, 14, 28 and 56 days are shown in Figures 
5.6 to 5.9. Generally, the concrete cylinders gradually failed after reaching peak strength so that a 
complete stress-strain curve could be obtained under this gradual reduction of the load. A short period 
of sudden explosive failure at the peak load was also observed for some concrete cylinders with the 
highest compressive strength, which resulted in a sudden drop in the descending part of the stress-
strain curve. It was found that rubber concrete samples maintained their integrity without brittle 
fracture. This may indicate that all rubber concrete mixes had reasonable ductility and acceptable 
descending branches of the stress-strain curves. By comparing the crack patterns of the tested 
specimens with the defined fracture patterns in ASTM C39M-05 (2005), Type 1 (reasonably well-
formed cones on both ends, less than 25 mm of cracking through caps), Type 2 (a well-formed cone 
on one end, vertical cracks running through caps, and no cone on the other end) and Type 3 (columnar 
vertical cracking through both ends, no well-formed cones) fracture patterns were observed in the 
tested specimens, as shown in Figure 5.5. Most tested CC cylinders were found to have Type 1. 
10UTRC and 10HTRC samples were found to have Type 2 and 3 cracking patterns. The failure of 
CC cylinders resulted in explosive conical separation of its parts, but by replacing the sand with HTR 
and UTR, the severity and explosiveness of the failures decreased. 
Although the reduction in the strength of rubber concrete mixtures may limit their use in some 
structural applications, one can appreciate their future potential, considering the failure mode. In this 
experiment, when samples were loaded in compression, rubber concrete samples did not exhibit a 
brittle failure. Eldin and Senouci (1993) obtained the same results in their experimental work. The 
failure of 10UTRC and 10HTRC was more of a gradual one, unlike CC. The rubber concrete cylinders 
did not separate and continued to sustain the load after the initial failure. Cracking occurred after 
complete failure of the samples. Upon release of the load, the cylinders bounced back to near their 






























































   
Figure 5.5: Typical fracture pattern of concrete cylinders. 
Figure 5.6: Mode of failure for 10UTRC, 10HTRC and CC samples aged 7 days. 
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Figure 5.7: Mode of failure for 10UTRC, 10HTRC and CC samples aged 14 days.  
Figure 5.8: Mode of failure for 10UTRC, 10HTRC and CC samples aged 28 days. 






















5.2.8 Modulus of Elasticity (MOE) 
The modulus of elasticity was evaluated for all 3 concrete mixes (CC, 10HTRC and 10UTRC) at 
different ages in accordance with AS1012.17 (1997). All procedures are similar to that followed in 
Section 4.4.6. The apparatus and specimen set up are shown in Figure 5.10. 
The specimens for MOE tests are cylindrical specimens with the dimensions of 100 mm × 200 mm 


























Figure 5.9: Mode of failure for 10UTRC, 10HTRC and CC samples aged 56 days. 
Figure 5.10: MOE test arrangement for measurement of longitudinal strain and capping the specimens. 
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The modulus of elasticity test results are given in Table 5.7 and Figure 5.11. In general, replacing 
rubber particles for fine aggregates will reduce the concrete’s modulus of elasticity. Aggregate 
characteristics affect the modulus of elasticity. Considering concrete as a composite compound 
consisting of two phases (aggregate and cement), it is clear that the impact on aggregates is due to 
the modulus of elasticity and to the volumetric ratio of these particles in concrete. Therefore, the 
greater the aggregate’s modulus of elasticity, the greater the modulus of elasticity of the resulting 
concrete. For aggregates with a lower modulus of elasticity than the cement paste, a higher volume 
of aggregates in the concrete mixture results in a smaller modulus of elasticity. In this project, the 
addition of rubber crumb reduced the MOE of samples, especially the untreated rubber crumb. It is 
concluded that by heat treating of rubber crumb it becomes more rigid compared to untreated rubber, 
the compressive strength of the mix is enhanced and its MOE would lie between CC and 10UTRC. 
 
 
 Modulus of elasticity (MOE) in GPa 
Age Mix 1 (CC) Mix2 (10UTRC) Mix3 (10HTRC) 
7 days 11.42 8.09 9.14 
14 days 11.70 8.82 9.34 
28 days 11.83 9.81 9.70 
56 days 11.86 10.85 10.03 
*Please, note that the modulus of elasticity of samples in Chapter 4 were measured by installing strain gauges on the 
surface of small cylinder samples, while in this chapter the modulus of elasticity of samples are measured using standard 
arrangement as Figure 5.10. The difference in measuring the modulus of elasticity is the reason of difference in modulus 











































7 days modulus of elasticity 14 days modulus of elasticity
28 days modulus of elasticity 56 days modulus of elasticity
Mix 1 (CC) Mix 2 (10UTRC) Mix 3 (10HTRC)
Figure 5.11: Comparison of the modulus of elasticity of CC, 10UTRC and 10HTRC at 7, 14, 28 and 56 days. 
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5.2.9 Modulus of rupture (MOR) 
The modulus of rupture (MOR) of CC, 10UTRC and 10HTRC was evaluated due to the importance 
for flexural strength. For this purpose, the 100 mm × 100 mm × 400 mm concrete prism was subjected 
to 4-point flexural load at a loading rate of 1 ± 0.1 MPa/min until fracture, following AS1012.11 
(2000). The typical test arrangement for a MOR test and stress distribution across the depth of the 
concrete beam under flexure is shown in Figure 5.11. 
Figure 5.13 shows the INSTRON 6027 testing machine which was used in this experiment. 
The theoretical maximum tensile stress in the bottom fibre of the test specimen is kNown as the 
modulus of rupture which can be calculated on the basis of ordinary elastic theory (Equation (5-1)). 
Four-point loading was applied, and mid-span deflection of the flexural specimens was measured by 
means of a linear variable differential transformer (LVDT) at the centre of each specimen.  
As illustrated in Figure 5.12, when the specimen is loaded, the bottom part of the cross-section 
below the neutral axis is in tension and the upper part of the cross-section is in compression. The 
concrete specimen fails in the lower section in tension. If a fracture occurs in the middle part of the 




                                                                                                                   (5-1) 
Where  
𝑓𝑓𝑐𝑐𝑐𝑐= modulus of rupture (MPa) 
P = maximum applied force indicated by the testing machine (KN) 
L = span length (mm) 
B = average width of the specimen at the section of failure (mm) 
D = average depth of specimen at the section of failure (mm) 
Typical test arrangement for MOR test and stress distribution across the depth of the concrete beam 











Figure 5.12: MOR test; (a) test set up and (b) stress distribution (Mehta, PK and Monterio, PJM 2005). 





















The results of the concrete samples’ modulus of rupture are summarised in Table 5.8 and Figure 5.14. 
All MORs of the 3 types of concrete were increased by time. The main subject of this study, 10HTRC, 
showed a similar behaviour to other mixes in this regard. The MOR of 10HTRC decreased due to it 
containing rubber, but using HTR instead of UTR maintained the flexural properties of concrete, 
while the MOR of all the samples increased with time. These findings proved that heat treating rubber 




Average of modulus of rupture2 (MPa) 
Mix 1 (CC) Mix 2 (10UTRC) Mix 3 (10HTRC) 
7 days 4.39 3.75 4.3 
14 days 4.75 4.01 4.55 
28 days 5.01 4.15 4.75 
56 days 5.6 4.56 5.22 





Figure 5.13: INSTRON 6027 testing machine which measured the specimens’ modulus of rupture. specimens. 
Table 5.8: Average modulus of rupture (MPa) for CC, 10UTRC and 10HTRC at different ages. 





















According to Jastrzebski (1977) and Low & Beaudoin (1994), the ductility and flexural toughness 
can be defined from the flexural load-deflection curves. The flexural toughness is calculated as the 
area under the entire load-deflection curve and the ductility is determined from the deflection in the 
post-peak region.  
As shown in Figure 5.15, the sum of all finite area increments over the entire region under the 
ABC curve—kNown as the work done leading to fracture—represents the total flexural toughness. 
The flexural toughness can be mathematically calculated from Equation (5-2). 
 
T =     �(
𝑃𝑃𝑖𝑖 − 𝑃𝑃𝑗𝑗
2
) × (𝑋𝑋𝑗𝑗 − 𝑋𝑋𝑖𝑖)                                                                                            (5 − 2) 
 
Where Pi and Pj represent two different applied loads for a finite increment and (Xj - Xi) is the change 





Figure 5.14: Comparison of modulus of rupture of CC, 10UTRC and 10HTRC at 7, 14, 28 and 56 days. 














As shown in Figure 5.15, the total ABC area can be divided into two regions. The deflection prior to 
the peak (AO) in the ABO region is more related to the rigidity, strength and micro-cracking process 
of the composite, whereas the post-peak deflection (OC) is a measure of ductility. The region ABO, 
limited between the initial point of the curve (A) and the peak load (B), is the area in which elastic 
and some inelastic deformations occur due to strain hardening.  
Figure 5.17 to Figure 5.20 illustrate the load-mid span deflection of all three types of 
specimens in flexure, and it can be seen that the fracture and total failure in the control concrete (CC) 
occured suddenly just after exceeding the maximum load with a straight drop in the load-deflection 
curve. However, the load-deflection curves of 10UTRC and 10HTRC vary significantly. 10UTRC 
and 10HTRC in 7 days show smaller deflections at the ultimate load compared to the control concrete, 
and this results in a smaller area under the load-deflection curves (ABC) which can be an indication 
of decreasing toughness. As mentioned above, the OBC region is a measure of ductility, hence, more 
ductile behaviour is observed for 10UTRC and 10HTRC compared to the CC. This ductile behaviour 
can be attributed to the existing rubber in 10UTRC and 10HTRC and their different microstructure 
that was discussed in Chapters 3 and 4. 
It is a well-known fact that the slope of the load-deflection curve in flexure represents the flexural 
stiffness. As can be observed from Figures 5.16 to 5.19, CC has the highest flexural stiffness among 
the three types of samples; moreover, it had a higher load bearing capacity compared to the other type 
of samples. The 10HTRC flexural stiffness was lower than the control concrete, and it showed almost 
the same deflection as 10UTRC at the peak load; this is a desired behaviour for concrete in seismic 
applications, and is partially a result of rubber bridging in the concrete matrix. This kind of behaviour 
provides large deflections before failure and dissipates more energy compared to the control concrete 
during extreme loading possibilities such as an earthquake.  
Figure 5.15: Schematic of a typical load-deflection curve in flexure (Low & Beaudoin 1994). 
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Figures 5.20 to 5.23 indicate the mode of failure in 3 types of samples aged 7, 14, 28 and 56 
days. As concluded from the load- mid span deflection curves, failure in CC is brittle compared to 
10UTRC and 10HTRC; this is reconfirmed in Figures 5.20 to 5.23. None of the rubber concrete 
samples completely collapsed and separated in two parts after failure. This form of flexural 

























Mid- span deflection (mm)
7 days MOR of control concrete
7 days MOR of 10% untreated rubber concrete
7 days MOR of 10% heat treated rubber concrete
Figure 5.16: Load-mid span deflection curves in MOR test of CC, 10UTRC and 10HTRC at 7 days. 



























Mid- span deflection (mm)
14 days MOR of control concrete
14 days MOR of 10% untreated rubber concrete
14 days MOR 0f 10% heat treated rubber concrete
Figure 5.17: Load-mid span deflection curves in MOR test of CC, 10UTRC and 10HTRC at 14 days. 
Figure 5.18: Load-mid span deflection curves in MOR test of CC, 10UTRC and 10HTRC in 28 days 





























Mid- span deflection (mm)
56 days MOR of control concrete
56 days MOR of 10% untreated rubber concrete
56 days MOR of 10% heat treated rubber concrete
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Figure 5.19: Load-mid span deflection curves in MOR test of CC, 10UTRC and 10HTRC at 56 days. 
Figure 5.20: Mode of failure of 10UTRC, 10HTRC and CC prisms subjected to 4-point flexural load aged 7 days. 
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Figure 5.21: Mode of failure of 10UTRC, 10HTRC and CC prisms subjected to 4-point flexural load aged 14 days. 
 
Figure 5.22: Mode of failure of 10UTRC, 10HTRC and CC prisms subjected to 4- point flexural load aged 28 days. 







5.3 Experimental Description- Part 2 
In Chapter 4, the average compressive strength of CC and 10HTRC obtained as 66 and 57 MPa (Table 
4.30), respectively, were higher than what was obtained in Section 5.7.1 (respectively 56 and 41.3 
MPa). Moreover, the reduction in compressive strength of 10HTRC compared to CC in Chapter 4 
(Figure 4.9) is 13.5% after 28 days, which is less than 25.41% for 10HTRC in this part of the study 
(5.15). In order to optimise the mechanical properties of 10HTRC, different concrete mixes were 
designed, and their average 7 days compressive strength was obtained. Table 5.9 shows different 
types of concrete mixes and their compressive strength after being aged 7 days. In this experiment, 
all the materials were the same as before, and only their proportions were different. The water/cement 
ratio was another consideration of this study. Three cylindrical samples in sizes of 100 mm diameter 
and 200 mm height from each batch was taken to test their compressive strength. 
According to Table 5.9, the highest compressive strength was obtained from Mixes 10, 11 and 



















   
Figure 5.23: Mode of failure of 10UTRC, 10HTRC and CC prisms subjected to 4- point flexural load aged 56 days. 
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5.4 Experimental Description-Part 3 
5.4.1 Mix proportion  
Different mixes of concrete were designed as per the following: 
• Mix 1: Control concrete (CC) which was aimed to be high strength concrete, 
• Mix 2: 10% untreated rubber concrete (10UTRC) which was concrete containing untreated 
rubber as a substitute of 10% sand, 
• Mix 3: 10% heat treated rubber concrete (10HTRC) which was concrete containing heat-
treated rubber as a substitute of 10% sand, 
All the mixes were prepared at Western Sydney University Structural Lab, and its characteristics are 
shown in Table 5.10.  
 
 
Basic material, specimen preparation and testing method, along with casting, vibrating and curing, 
were all identical to Part 1 which was explained in Sections 5.2.2, 5.2.3 and 5.2.4, respectively. 
5.4.2 Workability 
As described in Section 5.2.5, the workability of three types of concrete mixes were examined. Table 
5.11 shows the slump value of different mixes. The slump value of rubber concrete is less than the 





Mix 1 (CC) Mix 2 (10UTRC) Mix 3 (10HTRC) 































Mix 1 500 60 0 0 608 368 700 178 - 
Mix 2 500 60 30.4 0 547.2 368 700 178 - 
Mix 3 500 60 0 30.4 547.2 368 700 178 - 
Table 5.10: Raw material proportions of mixes in 1 m3 concrete. 
Table 5.11: Slump values for different concrete mixes. 
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5.4.3 Density of hardened concrete 
The density of three types of hardened concrete (CC, 10UTRC and 10HTRC) was obtained according 
to Section 5.2.6. Table 5.12 shows the density of mixes at 7, 14, 28 and 56 days. In Figure 5.24, it is 
obvious that concrete containing 10% heat-treated rubber is denser than concrete containing 10% 




Average Density (Kg/m3)  
Mix 1 (CC) Mix 2 (10UTRC) Mix 3 (10HTRC) 
7 days 2421 2329 2365 
14 days 2412 2319 2365 
28 days 2408 2324 2371 
















5.4.4 Compressive strength (CS) 
Compressive strength (CS) and the sample preparation were performed as explained in Sections 
3.8.6. All compressive strength tests were carried out on cylindrical specimens of 100 mm diameter 
with 200 mm length following AS1012.9 (1999).  
The average compressive strength of three cylinders of each mix was recorded when aged 7, 14, 28 
and 56 days. Table 5.13 and Figures 5.25 show the average compressive strength of three concrete 
Table 5.12: Density of hardened concrete for different mixes. 
 
Figure 5.24: Density of hardened concrete for different mixes. 
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mixes (CC, 10UTRC and 10HTRC). As expected, the compressive strength of 10HTRC was higher 
than 10UTRC, and according to Figure 5.26, the reduction in compressive strength of 10HTRC 





Average Compressive Strength3 (MPa) 
Mix 1 Mix 2 Mix 3 
7 days 57.90 35.97 43.57 
14 days 60.57 38.17 48.05 
28 days 64.37 41.93 52.50 
56 days 68.90 45.20 58.77 






































Table 5.13: Compressive Strength of CC, 10UTR and 10HTRC (MPa). 
 
Figure 5.25: Comparison of compressive strength of CC, 10UTRC and 10HTRC. 























5.4.4.1 Mode of failure 
Figures 5.27 and 5.29 show the failure mode of all concrete specimens after testing at 7, 14 and 28 
days. The control concrete samples clearly had a short period of sudden explosive failure at the peak 
load that shows its brittle nature, which is quite unfavourable in structural applications if it is to be 
used without any added elements that can compensate for its lack of ductility. CC cylinders were 
found to have a Type 1 cracking pattern. Failure of some of the CC samples resulted in explosive 
conical separations of its parts. 
Unlike CC samples, 10UTRC and 10HTRC showed a reasonable ductile failure without brittle 
fracture. They had acceptable descending branches of the stress-strain curves; moreover, they did not 
separate and continued to sustain loads after the initial failure, and this a desirable behaviour for 
structural applications. These samples were found to have Type 2 and 3 cracking patterns.  
This part of study proved that 10HTRC can be used as a high strength concrete material in structural 




Figure 5.26: Comparison of % reduction in compressive strength of CC, 10UTRC and 10HTRC aged 7, 14, 
28 and 56 days.  
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Figure 5.27: Mode of failure for 10UTRC, 10HTRC and CC samples aged 7 days. 
Figure 5.28: Mode of failure for 10UTRC, 10HTRC and CC samples aged 14 days. 





















5.4.5 Modulus of Elasticity (MOE) 
The modulus of elasticity was evaluated for all 3 concrete mixes (CC, 10HTRC and 10UTRC) at 
different ages in accordance with AS1012.17 (1997), and all the procedures were similar to those 
followed in Section 4.4.6. The apparatus and specimens set up is shown in Figure 5.8. The results of 
the modulus of elasticity tests are given in Table 5.16 and Figure 5.30.  
Similar to Section 5.2.8, 10UTRC and 10HTRC exhibit a reduction in the modulus of 
elasticity compared to CC, and this is due to the samples containing rubber which makes the concrete 
less brittle and rigid. By using heat treated rubber crumbs, the compressive strength of 10HTRC 
improved but it made the concrete more brittle compared to 10UTRC. In general, employing HTR in 


















   
 Modulus of elasticity (MOE) in GPa 
Age Mix 1 (CC) Mix2 (10UTRC) Mix3 (10HTRC) 
7 days 9.35 8.75 8.9 
14 days 10.49 8.8 9.37 
28 days 11.33 9.15 9.97 
56 days 11.58 10.15 10.56 
Figure 5.29: Mode of failure for 10UTRC, 10HTRC and CC samples aged 28 days. 
Table 5.14: Modulus of elasticity of CC, 10UTRC and 10HTRC at different ages (GPa). 




















5.4.6 Modulus of Rupture (MOR) 
The modulus of rupture (MOR) was evaluated, as explained in Section 5.2.9. Three prisms from each 
batch for each age of 7, 14, 28 and 56 days were tested according to AS1012.11 (2000). Table 5.15 
and Figure 5.31 show the results of MOR for all the mixes. By aging, all samples show a growth in 
their MOR, but 10UTRC and 10HTRC exhibited a reduction in their flexural strength compared to 
CC. This result was expected, as using waste tyre rubber reduces the mechanical properties of 
concrete, although HTR improves this reduction and makes acceptable changes to the mechanical 
properties of rubberised concrete rendering it suitable for structural applications. 
The mode of failure for the samples were also studied. Similar to the experience in Section 
5.29, 10HTRC and 10UTRC showed less brittle failure with no sign of collapse. Figure 5.32 to Figure 
5.35 illustrates the load-mid span deflection of all three types of specimens in flexure, and it can be 
observed that the fracture and total failure in the control concrete (CC) occured suddenly just after 
exceeding the maximum load with an almost straight drop in the load-deflection curve. Unlike CC, 
the load-deflection curves of 10UTRC and 10HTRC drop slowly.  
In 7 days, 10UTRC and 10HTRC showed smaller deflections at the ultimate load compared 
to the control concrete, and this results in a smaller area under the load-deflection curves (ABC) 
























7 days modulus of elasticity 14 days modulus of elasticity
28 days modulus of elasticity 56 days modulus of elasticity
Mix 1 (CC) Mix 2 (10UTRC) Mix 3 (10HTRC)
Figure 5.30: Comparison of modulus of elasticity of CC, 10UTRC and 10HTRC at 7, 14, 28 and 56 days. 
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of ductility, hence, more ductile behaviour is observed for 10UTRC and 10HTRC in comparison to 
the CC.  
Figures 5.36 to 5.38 indicate the mode of failure in 3 types of samples at 7, 14 ,28 and 56 days 
of age. As concluded from load-mid span deflection curves, failure in CC is brittle compared to 
10UTRC and 10HTRC and these figures illustrate the same outcomes. None of the rubber concrete 
samples completely collapsed and separated in two parts after failure. This style of flexural response 




Average of modulus of rupture4 (MPa) 
Mix 1 (CC) Mix 2 (10UTRC) Mix 3 (10HTRC) 
7 days 4.8 4.17 4.6 
14 days 5 4.48 4.9 
28 days 5.42 4.61 4.95 
56 days 5.7 5.1 5.5 


























Table 5.15: Average modulus of rupture (MPa) for CC, 10UTRC and 10HTRC at different ages. 
Figure 5.31: Comparison of modulus of rupture of CC, 10UTRC and 10HTRC at 7, 14, 28 and 56 days.  
























































Mid- span deflection (mm)
7 days MOR of control concrete
7 days MOR of 10% untreated rubber concrete



















Mid- span deflection (mm)
14 days MOR of control concrete
14 days MOR of 10% untreated rubber concrete
14 days MOR 0f 10% heat treated rubber concrete
Figure 5.32: Load-mid span deflection curves in MOR test of CC, 10UTRC and 10HTRC at 7 days. 
Figure 5.33: Load-mid span deflection curves in MOR test of CC, 10UTRC and 10HTRC at 14 days. 























































Mid- span deflection (mm)
28 days MOR 0f control concrete
28 days MOR of 10% untreated rubber concrete



















Mid- span deflection (mm)
56 days MOR of control concrete
56 days MOR of 10% untreated rubber concrete
56 days MOR of 10% heat treated rubber concrete
Figure 5.34: Load-mid span deflection curves in MOR test of CC, 10UTRC and 10HTRC at 28 days. 
Figure 5.35: Load-mid span deflection curves in MOR test of CC, 10UTRC and 10HTRC at 56 days. 














































Figure 5.36:  Mode of failure of 10UTRC, 10HTRC and CC prisms subjected to 4- point flexural load aged 7 days. 
Figure 5.37: Mode of failure of 10UTRC, 10HTRC and CC prisms subjected to 4- point flexural load aged 14 days. 







5.4.7 Indirect Tensile Strength (splitting test) 
Tensile strength of concrete (CC) and rubber concrete (10UTRC and 10HTRC) were both of interest 
in this research. Tensile strength was measured for all three materials by testing three cylindrical 
samples with the dimensions of 100 mm diameter by 200 mm length and at the ages of 7, 14, 28 and 
56 days in accordance with AS1012.10 (2000). The reported results are the average of the three tested 
samples at each age, as shown in Table 5.16 and Figure 5.40. 
The indirect tensile test (‘Brazil’ or splitting test) is a simple and indirect way of determining 
the tensile strength of concrete which gives more uniform results than other tension tests. The strength 
measured in the splitting test is believed to be close to the direct tensile strength of concrete, 
approximately, 5 to 12 percent higher (Neville 1991).  
To perform the test, the concrete cylinder was placed, with its longitudinal axis laid horizontally, 
between the plates of the testing machine, as shown in Figure 5.39, and loaded until the failure took 
place by indirect tension in the form of splitting along the vertical diameter. The test was conducted 
under a load rate control condition in an 1800 kN universal testing machine with a load rate equivalent 
to 1.5 ± 0.15 MPa indirect tensile stress per minute. The maximum load was recorded and then the 
indirect tensile strength of the specimen was calculated using Equation (5-3); 
C
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Figure 5.38: Mode of failure of 10UTRC, 10HTRC and CC prisms subjected to 4- point flexural load aged 28 days. 






                                                                                                                             (5 − 3) 
 
Where fct.sp is the indirect tensile strength in MPa, P is the maximum applied force in kN, L is the 






















Average indirect tensile strength5 (MPa) 
Mix 1 (CC) Mix 2 (10UTRC) Mix 3 (10HTRC) 
7 days 4.06 3.21 3.48 
14 days 4.48 3.54 3.95 
28 days 4.78 3.85 4.11 
56 days 5.15 4.24 4.57 
Table 5.16: Average indirect tensile strength of CC, 10UTRC and 10HTRC at 7, 14, 28 and 56 days. 
Figure 5.39: Splitting tensile test: (a) typical arrangement of the test and (b) stress distribution across the 
loaded diameter of a cylinder compressed between two plates (Mehta, PK and Monteiro, PJM 2005). 
 


















Table 5.16 shows the indirect tensile test results of the three types of concretes. This property of 
concrete had some increase for all three types of materials. However, this increase was almost the 
same in all samples, although 10UTRC and 10HTRC showed lower tensile strength compared to CC. 
By replacing UTR with HTR, the tensile strength of rubber concrete was improved. 
5.5 Investigation of concrete subjected to elevated temperatures  
Fire has a significant impact on materials, hence understanding the behaviour of concrete subjected 
to high temperature is essential to enhance the fire resistance of reinforced concrete structures (RCS) 
and to provide accurate information for the fire design of RCS (Lee 2006). A building fire can reach 
temperatures of around 850°C in less than 30 minutes, and peak at around 1000°C within 2 hours 
(Sarker, Kelly & Yao 2014). In this research, CC, 10UTRC and 10HTRC specimens were evaluated 
after being subjected to different heating regimes as described below.  
5.5.1 Preparation of specimens  
48 standard cylinders (100 mm × 200 mm) were cast from CC, 10UTRC and 10HTRC and water 























7th day tensile strength 14th day tensile strength
28th day tensile strength 56 day tensile strength
10UTRC 10HTRCCC
Figure 5.40: Comparison of tensile strength of CC, 10UTRC and 10HTRC at 7, 14, 28 and 56 days. 
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and 800°C). The entire procedure of casting, demoulding and curing the concrete specimens was 
performed similar to the previous samples and the mechanical properties obtained.  
5.5.2 Test description and method  
The machine used to heat the concrete cylinders for this experiment was the same machine that was 
used to heat-treat the rubber crumbs. As mentioned in Chapter 4, it was an electric furnace under the 
brand name of PRASCON (Figure 5.41). The furnace was equipped with electric silicon carbide 
heating element reaching the maximum temperature of 1300°C. The temperature inside the furnace 
was monitored by 2 controlled type S and 3 type K thermocouples. The furnace was also equipped 
with a hydraulic actuator with a maximum compressive load capacity of 1000 kN. The actuator 
consists of a calibrated extensometer and a load cell.  
CC, 10UTRC and 10HTRC cylinder specimens were subjected to heat up to 800℃ with the 
heating rate like that of the ISO834 standard. All types of concrete cylinders were exposed to an 
identical temperature profile and the heat transfer inside the furnace was recorded using 
thermocouples.  
The concrete type and temperature levels were taken as the main variables in this study and 
the samples were subjected to 4 different heating regimes. The specimens were subjected to heating 
at a rate of 5 deg/min, and continued to the required maximum test temperatures which were ambient, 
200, 400, 600 and 800℃. After reaching the maximum test temperature the specimen temperature 
was kept constant for a period of 60 ± 5 minutes so that the heat reached the core of the sample. 
Thereafter, the specimen was loaded at a loading rate of 0.5 MPa/s until failure. Three specimens 
were tested at each temperature level for each mix and the average values were reported. 
Changes of compressive strength (relative strength), physical appearances and spalling of CC, 
10UTRC and 10HTRC subjected to elevated temperatures are discussed in the following section. It 
should be mentioned that the compressive strength in this section is the strength after exposure to heat 










Figure 5.41: Test set up for investigation of the compressive strength of concrete samples subjected to 
elevated temperatures.  
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5.5.3 Change of compressive strength  
The relative compressive strength of three types of concrete were obtained using Equation 5-4.  
Table 5.17, Figures 5.42 and 5.43 demonstrate the compressive strength (MPa) and relative 
compressive strength (%) of CC, 10UTRC and 10HTRC specimens after exposure to elevated 
temperatures. 
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× 100           (5 − 4)  
 
After exposure to high temperature, all three types of specimens showed a reduction in compressive 
strength. As shown in Figure 3.42, the variation in the trend of compressive strength is similar for all 
types of concrete so that an initial loss of strength to 200°C and a slight increase to 400°C was 
observed. In a similar manner to that of previous literature such as Li et al. (2011), using UTR in 
concrete resulted in the enhancement of the compressive strength of specimens at elevated 
temperatures, but using HTR in concrete showed a reduction in CS even more than CC (Figure 5.43). 
The CC exhibited about a 60% loss in compressive strength at 200°C which was 50% for 10UTRC 
and about 73% for 10HTRC. The significant loss of strength experienced in the OPC concrete at 
about 400°C can be attributed to the dissociation of calcium hydroxide [Ca(OH)2], which is one of 
the main products of the hydration of Portland cement (Mendes, Sanjayan & Collins 2007). 
Dissociation is the process in which ionic compounds split into smaller particles and this occurs 
between 300 and 400°C, with the dehydration of Ca(OH)2 occurring between 500 and 600°C 
(Mendes, Sanjayan & Collins 2007), which also leads to strength reduction in OPC concrete.  
After heating to high temperatures, the compressive strength of both concrete types 
experienced three main stages:  
 Room temperature - 200℃: compressive strength of both concrete types decreased slightly.  
 200 – 400℃: compressive strength of both concrete types increased slightly.  
 400℃ upwards: compressive strength of both concrete types decreased; this decrease was 
dramatic for CC, whereas, ARC possessed about 30% of its initial compressive strength even at 
800℃.  
Concrete, at elevated temperatures, undergoes significant physicochemical changes. These changes 
cause its mechanical properties to deteriorate at elevated temperatures. Thus, the mechanical 
properties of concrete change substantially within the temperature range associated with building 
fires. Furthermore, many of these properties are temperature dependent and sensitive to testing 
(method) parameters such as heating rate, strain rate, temperature gradient, and so on. 
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Based on the information presented here, although high temperatures result in significant 
decrease in compressive strength in all CC, 10UTRC and 10HTRC, no explosive failure happened in 
the rubber concrete specimens (with the same type and size of aggregates) even after 800℃.  
The failure of CC samples was also more brittle compared to the rubber concrete samples. 
(this statement is made based on the sound of specimens at failure). For rubber concrete specimens 
the sound of spalling could be heard for 5 to 6 seconds before the occurrence of failure, whereas, for 
CC failure occurred without any notice. This is of high importance in structural performance as it 




 Compressive strength (MPa) Relative compressive strength (%) 
 Mix  Mix  
Temperature (ºC) CC 10UTRC 10HTRC CC 10UTRC 10HTRC 
0 68.9 45.2 58.77 100.00 100.00 100.00 
200 27.78 22.73 15.70 40.31 50.28 26.71 
400 40.37 28.50 32.30 58.59 63.05 54.96 
600 30.35 23.45 19.43 44.05 51.87 33.06 












































Table 5.17: Average compressive strength and relative compressive strength of CC, 10UTRC and 10HTRC 
after exposure to elevated temperatures. 
Figure 5.42: Compressive strength of concrete samples (CC, 10UTRC and 10HTRC) subjected to elevated 
temperature. 

















5.5.4 Visual observations  
Due to the explosive collapse of the two CC samples at about 200°C, there is no photo of them 
available.  
10UTRC specimens after exposure to 200°C did not show any spalling just like 10HTRC, but 
unlike 10HTRC, it completely fell apart as the compression test was carried out. 
Spalling of CC specimens were observed when the specimens were exposed to 400°C (this 
statement is made based on the sound of explosive spalling). Unlike CC samples, 10UTRC and 
10HTRC did not explode even up to 800°C. This is attributed to the existing rubber (UTR and HTR) 
in rubber concrete samples. Rubber crumb decomposes at high temperatures (about 500°C), connects 
the air voids in concrete and allows moisture to escape. 
There was no explosion for 10UTRC samples and no partial spalling such as corner spalling 
or surface layer delamination. However, ARC underwent expansion and general spalling at about 
800°C and its failure at this temperature was very gradual and not sudden.  
Figure 3.44 shows the CC specimens after exposure to elevated temperatures. As shown, CC 
did not undergo any colour change under 200°C. After exposure to 400°C, the exposed surface of CC 
turned to light brown. This colour change on the surface can also be seen for the exploded CC 
specimens subjected to 600°C.  
For 10UTRC and 10HTRC more colour changes were observed. As shown in Figure 3.45 and 
3.46, no colour change was observed before 200°C. However, after exposure to 400°C, the exposed 
































Figure 5.43: Relative compressive strength of concrete samples (CC, 10UTRC and 10HTRC) subjected to 
elevated temperatures.  
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revealed the evidence of decomposing rubber. After 600°C, the surface of the samples had changed 
from a brown colour on the surface to grey. After exposure to 800°C, the surface of the 10UTRC and 
10HTRC specimens were completely grey. The colour of the inside of the samples was not changed, 
and the core remained grey.  
The failure mode for 10HTRc and 10UTRC specimens was similar with less spalling 






















































Figure 5.44: Failure mode and spalling of CC after exposure to 200, 400, 600 and 800°C. 













Figure 5.45: Failure mode and spalling of 10UTRC after exposure to 200, 400, 600 and 800°C. 













Figure 5.46: Failure mode and spalling of 10HTRC after exposure to 200, 400, 600 and 800°C. 




Different material properties of control concrete (CC), 10% untreated rubber concrete (10UTRC) and 
10% heat treated rubber concrete (10HTRC) were investigated in the laboratory. These properties 
included mechanical properties tests and fire resistance.  
To conclude this chapter, the important findings of the chapter are presented as follows: 
 
• Compressive strength of 10HTRC was in an acceptable range to be used as a structural 
concrete despite having 10% heat treated rubber compared to the CC. This concrete worked 
much better than the CC due to decreasing its modulus of elasticity which make it a desirable 
material for structural applications. 
• Tensile strength and modulus of rupture (MOR) of concrete are less sensitive to using rubber 
up to 10% compared to its compressive strength. However, for all the rubber concrete 
specimens these properties decreased, but the 10HTRC properties were close to the CC 
results. The results of load-deflection from MOR tests showed acceptable flexural toughness 
and higher ductility for 10HTRC compared to the CC. 
• Evaluation of compressive strength of CC, 10UTRc and 10HTRC subjected to elevated 
temperature led to the explosion of CC samples at about 200°C, whereas no explosion was 
observed for rubber concrete specimens. This behaviour of rubber concrete can be attributed 
to the existing rubber in the matrix of 10UTRC and 10HTRC that were decomposed at 500°C 
and provided escaping voids from the inside to the outside of specimens. Change of colour in 
rubber concrete specimens varied due to them containing rubber which causes different 
reactions after exposure to heat. In terms of compressive strength loss under elevated 
temperature, CC lost 60%, 40%, 55% and 75 % of its initial strength after exposure to 200°C, 
400°C, 600°C and 800°C, and 10UTRC lost 50%, 37%, 50% and 62 % of its initial strength, 
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The literature of Eldin and Senouci (1993), Ashraf and James (2005), Bignozzi and Sandrolini (2006), 
and Topcu and Bilir (2009) illustrate that while some studies have been accomplished on rubber 
concrete, they have been mostly limited to small-scale specimens such as cubes, cylinders, and 
prisms. There are two available studies on column-beam joints made of rubber concrete. Ganesan and 
et al. (2013) used shredded rubber and steel fibres as partial replacement of aggregates in the concrete 
mixture. Basem and Assem (2018) investigated the performance of exterior column-beam joints with 
different percentages of crumb rubber from 0 to 25%, and they showed that partial replacement of 
aggregates with rubber in concrete can be used as a technique to increase the ductility of column-
beam joints. 
This chapter presents the study of the behaviour of column-beam joints made of 10% heat 
treated rubber concrete (10HTRC) subjected to the static and dynamic loads, and compares it with 
control concrete joints (CC). Performing the experimental tests on full-scale specimens was impeded 
by the limited capacity of the hydraulic jack and the actuator used to apply loads on the column and 
beam tip, and by the test rig size. In addition, the cost of full-scale tests would often restrict the 
number of specimens, which is not desirable when a large number of parameters are to be 
investigated. Therefore, a total of four scaled-down specimens (two CC specimens and two 10HTRC 
specimens with a scale of 1/2.85) were made from the prototype column-beam joint. Both monotonic 
and cyclic loading regimes were implemented to estimate the seismic responses of the test specimens. 
The prototype structure was an eight-storey code-compliant RC building detailed to respect the weak-
beam strong-column design philosophy. For the prototype column-beam joint, an exterior joint at the 
fifth floor was selected that extended to the column mid-height and the beam mid-span consistent 
with the contra flexure points of the bending moment diagram under lateral loading. To clarify the 
details of the test specimens, the following section describes the design process of the prototype 
structure, the selection of the column-beam joint and small-scale modelling of the selected joint. This 
is followed by an explanation of the experimental activity, the test set-up and the loading procedure. 
Finally, the experimental results in terms of beam tip load-displacement curves, ductility, energy 
dissipation, and plastic hinge location were compared for both CC and 10HTRC joints.  
The background of the theoretical work and relevant formulation has been developed by Dr. Abolfazl 
Eslami in his PhD thesis but has been reproduced in this chapter for the sake of completion and ease 
of references. 
6.2 Specifications of the selected building structure 
The structure considered in this study was an 8-storey moment-resisting frame reinforced concrete 
(RC) building consisting of three and four bays (each equal to 5 m) in east-west and north-south 
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directions, respectively. The height of all the storeys was assumed to be equal to 3 m. The building 
floor plan is illustrated in Figure 6.1. Representing the regular residential RC buildings, the torsional 
effects attributed to seismic loads have been neglected in the design of the structure and an interior 
planar frame was analysed, as shown in Figure 6.1. The frame was considered to be part of the lateral 
resisting system of the building. The structural design of the selected frame complied with the 
intermediate (moderate) seismic provisions of ACI 318-02 (2002) with respect to the weak-beam 
strong-column design philosophy, whereas the seismic loads were determined in accordance with the 
provisions of the Iranian seismic code (Standard No. 2800-05, 2005) which is similar to the Uniform 
Building Code (UBC, 1994). The design base shear was calculated considering a peak ground 
acceleration of 0.3g, which represents a high seismic hazard and soil type-III (Stiff soil profile) similar 
to class D of soil in FEMA-356 (2000) and UBC (1994 and 1997). Considering the typical residential 
buildings, the permanent actions and imposed actions were taken as 6 KN/m2 and 2 KN/m2, 
respectively. In the design of the selected frame, the distributed gravity loads were calculated based 
on the tributary area of the frame and applied to the beams in addition to the self-weight of the 
structure. Also, the compressive strength of the concrete and steel reinforcement yield strength were 
assumed as f’c =30 MPa and fy=500 MPa, respectively.  
Modelling and analysis of the selected frame was performed in SAP 2000. To pursue the objectives 
of the experimental program through the adopted new material (10HTRC), the test specimens should 
satisfy the weak-beam strong-column design philosophy. Hence, the ratio of column-to-beam flexural 
capacity was decided to be greater than 2 so that the nonlinear plastic hinges in both specimens are 
formed in the beams. The column longitudinal reinforcements were distributed around the section, 
while the beam longitudinal bars were positioned at the top and bottom sides. Figure 6.2 shows the 
geometry and reinforcement details of the beam and columns corresponding to the selected joint sub-


















































Figure 6.1: Plan of the selected building structure. 
Figure 6.2: Reinforcement details and geometry of the selected column-beam joint. 
Chapter 6  Structural Performance of Rubber Concrete 141 
 
Samaneh Pourmohammadimojaveri 
6.3 Selection of the prototype column-beam joint 
The deformed shape of the selected frame under lateral loading is illustrated in Figure 6.3. In this 
condition, the location of contra-flexure points can be assumed to be approximately at the mid-span 
of the beams and columns (Park and Paulay, 1975), although the moment distribution may vary during 
a lateral load, such as in the instance of an earthquake. This assumption is particularly correct for the 
middle storeys. Therefore, as the prototype column-beam joint in this study, an exterior column-beam 
joint sub-assembly was isolated from the fifth storey of the designed frame extending to the mid-span 
of beams and mid-height of columns. The reinforcement details and geometry of the selected joint is 
given in Figure 6.2. Also, Figure 6.4 shows the free body diagram of the selected joint subjected to 
lateral loading. In these figures, lc and lb are the storey height and the half beam span. Also, P2 
represents the internal axial force of the column, P1 is for the beam tip load corresponding to the beam 
























Figure 6.3: Performance of the frame structure subjected to the lateral loading. 
 

















6.4 Small-scale modelling of the selected joint 
Due to the cost and limited capacity of the testing equipment, particularly the hydraulic jacks and the 
size of the test rig, the experimental tests could often not be performed on full-scale specimens. 
Hence, specimens should be scaled down based on certain rules and scaling criteria. In this section, 
a comprehensive description of the fundamental physical laws that respect the similitude 
requirements between the model and prototype structures are presented, based on Buckingham 
theorem (Noor and Boswell, 1992) followed by the scaled-down modelling of the selected joint for 
the testing program. 
6.4.1 Background 
In order to satisfy the similitude requirements based on the Buckingham theorem, a dimensional 
analysis is implemented through which the scaling factors can be established (Noor and Boswell, 
1992). 
Assume a function in the form of  
     1 2( , ,... ) 0nf X X X =  (6-1) 
 
in which 1X , 2X ,…, nX  are the physical parameters which are related together with a functional 
form stated in Equation 6-1. 
According to Buckingham, Equation 6-1 then can be rewritten as 
     1 2( , ,..., ) 0mπ π πΦ =  (6-2) 
Figure 5.1: Performance of the frame structure subjected to the lateral loading 
Figure 6.4: Behaviour of the selected column-beam joint sub-assembly under lateral force. 




Where  m n r= − , with r  being the number of dimensions (i.e. force, length and time) representing 
the physical parameters and iπ  stands for dimensionless products of the physical parameters 1X  to
nX . For similitude, iπ  for the model and prototype should be equal. Further, Buckingham then 
proposed that any physical parameters such as 1X  can be written as a multiple product of the others: 
     1 2 3 4 ,...,
a b c m
nX B X X X X= ⋅ ⋅ ⋅  (6-3) 
 
in which B  is a constant and , , , ,a b c m  need to be determined. 
By substituting the relevant dimensions of 1X  to nX  on both sides of Equation 6-3, a sufficient 
number of equations can be obtained to allow meaningful relationships between the constants 
, , ,a b c   to be determined. 
For example, consider a cantilever subjected to a tip load. The physical parameters that affect the tip 
displacement, u , include the length, l , elastic modulus, E , and the load, Q , in a functional form of 
     ( , , , ) 0f u Q l E =  (6-4) 
 
Then based on Buckingham theorem, u  can be expressed as 
     a b cu B Q l E= ⋅ ⋅ ⋅  (6-5) 
 
in which a, b and c are constants to be determined. 
By introducing the dimensions of load, Q , length, l , and elastic modulus, E , ( F , L , and 2FL− , 
respectively) in Equation 6-5, a dimensional balance can be written as 
     1 2( )a b cL B F L FL−= ⋅ ⋅ ⋅  
or  
     1 2. .a c b cL B F L+ −=  (6-6) 
 
In order to dimensionally balance, the coefficients of indices on either side of Equation 6-6 should be 
equal or 
     0a c+ =       or     c a= −  
     2 1b c− =      or    1 2 1 2b c a= + = −  
Substituting these in Equation 6-5, results in 
     1 2a a au B Q l E− −= ⋅ ⋅ ⋅  (6-7) 
or 
     2
2
a
a a au QB Q l E B
l l E
− −  = ⋅ ⋅ ⋅ =  
 
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The above equation can also be expressed as, 
     2, 0
u Q
l El
 Φ = 
 
    or   1 2( , ) 0π πΦ =  (6-8) 
 
where 1 /u lπ =  and 
2
2 /Q Elπ = . 
In this example, 4n =  and 2r =  (comprising F and L as the only two fundamental quantities).Thus, 
the π  terms are 1π  and 2π  ( 4 2 2n r− = − =  terms), as explained above.  
As mentioned previously, for similitude satisfaction, iπ  terms should be equal in the model and 
prototype. Therefore, 1 1p mπ π= , 2 2p mπ π= , …. mp mmπ π= .  
Appropriate scaling factors then need to be established in order to allow the equality of iπ  terms. The 
scaling factor for the 
thi  parameter is given by 
     /i p mS i i=   (6-9) 
 
The small-scale modelling of reinforced concrete, however, is a more complex task. Amongst the 
reasons for this complexity are the inelastic behaviour of concrete in compression, steel yielding in 
tension, the required bond stress characteristics, and the cracking of concrete in tension. The specific 
similitude requirements for an RC small-scale model are as follows: 
• geometric similitude is held as for the global dimensions; 
• the stress-strain curves of the model and prototype materials are identical both in compression 
and tension; and 
• failure strains in the model and prototype are similar. 
The latter condition is necessary in investigating the ultimate load conditions. 
The scaling factors can again be established with recourse to a dimensional analysis. For this purpose, 
it is useful to use stress, /p mSσ σ σ= , and length, /l p mS l l= , as the necessary scaling factors. In 
addition, it is often sufficient to restrict the physical parameters to u , σ , Q , l , M  and ρ  
representing a displacement, a stress, a point load, a length, a moment and the mass density of 
concrete, respectively. The dimensions of all these quantities in terms of the fundamental dimensions, 
force, and length are provided in Table 3.1. Thus, the governing equation may be expressed as: 
     ( , , , , , ) 0f u Q l Mσ ρ =  (6-10) 
 
Assuming that 
     a b c d eu B Q l Mσ ρ= ⋅ ⋅ ⋅ ⋅ ⋅  (6-11) 
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and introducing the relevant dimensions from Table 6.1 into the equation gives, 
     1 2 3( ) ( ) ( )a b c d eL B FL F L FL FL− −=  
or  
     1 2 3a b d e a c d eL BF L+ + + − + + −=  
 
Equating the coefficients on the both sides gives 
     0a b d e+ + + =           or        b a d e= − − −  
and 
     2 3 1a c d e− + + − =     or    1 2 3c a d e= + − +   
 
By substituting b and c in Eq. (6-11), 
    1 2 3a a d e a d e d eu B Q l Mσ ρ− − − + − += ⋅ ⋅ ⋅ ⋅ ⋅  
 
and rearranging it, leads to 
     
2 3a edl M lu B l
Q Ql Q
σ ρ    
= ⋅ ⋅ ⋅ ⋅           
 (6-12) 
 
which, after dividing by l  can be presented in the form of 
     
2 3
, , , 0u l M l






Equation 6-13 gives four relevant π  terms. 
     1
u
l











ρπ =  (6-14) 
and 
     1 2 3 4( , , , ) 0π π π πΦ =  (6-15) 
 
To satisfy the similitude requirements  
     1 1p mπ π=    or   / /p p m mu l u l=   





= = =  
(6-16) 
 
In a similar way, it can also be indicated that 
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  = = =   

  = = =  
 





where QS , MS  and Sρ  are the point load, bending moment, and concrete density scaling factors, 
respectively. 
A summary of the scaling factors obtained from the above equations for reinforced concrete structures 
is presented in Table 6.1 (Noor and Boswell, 1992). In addition, as mentioned before, identical stress-
strain curves and ultimate strain in the model and the prototype are two specific requirements for the 
ideal modelling of reinforced concrete. Therefore, assuming 1Sσ =  gives the practical scale factors in 
the final column of Table 6.1. 
6.4.2 Scaled-down modelling of the selected joint 
The small-scale model of the prototype column-beam joint was achieved using the scaling factors 
given in Table 6.1. A 1/2.85 scaled-down model was arrived at for the test specimens considering the 
laboratory limitations including the capacity of the hydraulic jacks, measurement equipment, and test 
rig as well as the total cost of the experiments. This value also best fitted the longitudinal 
reinforcement ratios of the beams and columns with the available reinforcing bars. Table 6.2 contains 
the dimensions and reinforcement ratios of the prototype to model values. The shear reinforcing of 
the small-scale test specimens also followed the special seismic detailing suggested for moderate 





















































 factor ( 1Sσ = ) 
Concrete stress, cσ  FL-2 Sσ  1 
Concrete strain, cε  - 1 1 
modulus of elasticity of 
concrete, cE  
FL-2 Sσ  1 
Poisson’s ratio of concrete, cν  - Sσ  1 
Steel stress, sσ  FL-2 Sσ  1 
Steel strain, sε  - 1 1 
Length, l  L lS  lS  
Displacement, u  L lS  lS  
Area, sA  L2 2lS  
2
lS  
Concentrated load, Q  F 2lS Sσ  
2
lS  
Line load FL-1 lS Sσ  lS  
Pressure, p  FL-2 Sσ  1 
Moment, M  FL 3lS Sσ  
3
lS  
Shear, V  F 2lS Sσ  
2
lS  
Density, ρ  FL-3 lS Sσ  1 lS  
Table 6.1: Summary of dimensions & scaling factors for reinforced concrete structures (Noor and Boswell, 
1992). 






Ratio based  
on 2.85lS =   
Description 
All length ratios, p ml l  2.85 See Figures 3.2 and 3.5 
Ratio of reinforcement 
area, , ,( )s p s mA A  
Beam 
Top 2(2.85)  
2
, 1918s pA mm= ,
2
, 236s mA mm=  
Used 23 10( 236 )sN A mm=  
Bottom 2(2.85)  
2
, 1081s pA mm= ,
2
, 133s mA mm=  
Used 22 10( 157 )sN A mm=  
Column 2(2.85)  
2
, 5109s pA mm= ,
2
, 629s mA mm=  
Used 28 10( 628 )sN A mm=  
 
6.5 Experimental program 
6.5.1  Description of the test specimens and their fabrications 
The geometry and reinforcement details of the test specimens determined using the Buckingham 
theory, as explained in the previous section, is shown in Figure 6.5. Similar to the prototype joint, the 
scaled-down specimens were also extended to the column mid-height and beam mid-span 
corresponding to the contra flexure points of the bending moment diagram under lateral loading. In 
addition, an extra length of 100 mm was provided after the column supports and beam tip to ensure 
the stability of the test set-up during loading and installing the support and loading plates. All joint 
specimens consisted of a 210 mm wide and 175 mm deep beam with a 210 mm square column. A 
concrete clear cover of 25 mm was incorporated in all specimens. The longitudinal and transverse 
reinforcements were made of standard deformed N10 bar (10mm  diameter).  
Spacing of shear reinforcements was based on the intermediate seismic provisions suggested in ACI 
318-02. To prevent local failure at the supports and load points due to disturbance of internal stresses, 
additional stirrups were provided near the ends of beam and column.  
 
 
Table 6.2: Summary of the geometry and reinforcement ratios in prototype to small-scale join 























The test specimens were cast with beams and columns both positioned horizontally on a level 
platform on the ground. For the formwork, 15 mm plywood was used. The formwork was secured 
against any movement by providing lateral supports on the ground. It was also cleaned and oiled 
before putting the cage in place. Figure 6.7 is an illustration of the completed reinforcing cage which 
was identical for all test specimens. 
In total, four specimens were retrofitted to investigate the behaviour of different parameters 









Designation Heat treated rubber % Type of loading  
CC 0 Monotonic 
10HTRC 10 Monotonic 
CC 0 Reverse cyclic 
10HTRC 10 Reverse cyclic 
Figure 6.5: The geometry and reinforcement details of the test specimens (all dimensions in mm) A Eslami et al. 
(2013). 
Table 6.3: Details of column- beam joint specimens. 
Chapter 6  Structural Performance of Rubber Concrete 150 
 
Samaneh Pourmohammadimojaveri 
The test specimens were cured for 56 days before the tests. The surface preparation comprised surface 
grinding to remove the loose concrete, roughening using a hand grinder, and cleaning by an air jet to 
remove any particles.  
6.5.2 Material properties 
All tested materials such as control concrete (CC) and 10% heat treated rubber concrete (10HTRC) were 
the same as those used in the previous chapter (see Section 5.4.1). The only difference in the materials 
was the 10 mm crushed limestone; the largest aggregate used in this part of the experiment due to the 
limited gap between reinforcement in the joints. Table 6.4 shows the raw concrete materials, and Table 
6.5 shows the hardened properties of CC and 10HTRC. The hardened properties of the specimens were 














Mix 1 (CC) 71.24 2424.22 5.96 9.92 6.11 
Mix 2 (10HTRC) 57.88 2392.84 5.86 9.44 5.32 
 
 
The mechanical properties of steel reinforcements were obtained from direct tensile tests in a 
universal testing machine using a mechanical extensometer of 50 mm gauge length according to the 
AS1391-2007. For each type of rebar, three specimens were tested, and their average properties are 

























Mix 1 (CC) 500 60 0 608 1068 178 - 
Mix 2 (10HTRC) 500 60 30.4 547.2 1068 178 - 







Strain at ultimate 
load (%) 
10 205 520 0.24 690 11.6 
Table 6.6: Mechanical properties of steel reinforcement. 
Table 6.4: Raw material proportions of mixes in 1 m3 concrete. 
Table 6.5: Hardened properties of CC and 10HTRC. 
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6.5.3 Test methodology and instrumentation  
A minimum of 56 days of curing (7 days of wet curing and then air curing) was performed for the 
specimens to ensure that sufficient strength was gained because of fly ash that mostly reduces the rate 
of concrete strength development (Tosun and Baradan, 2009).  
The specimens were tested under monotonic and cyclic loads. The load-displacement curves, 
ductility factor, stiffness degradation, energy dissipation, damping ratio and plastic hinge location of the 
joints were measured, calculated and compared to the reference ones (control concrete) to examine the 
behaviour of new concrete in beam-column joint connections as a new application. 
6.5.3.1 Test set up  
Each beam-column specimen was tested in a beam horizontal position inside a rigid frame. Figures 
6.6 and 6.7 show the experimental set-up and the specimen CC under load in the testing frame, 
respectively. Both ends of the column were supported with specially designed supports to release 
rotational deformations and to restrain all translations, as illustrated in Figure 6.7. The hinge supports 
at the column ends can simulate the real performance of the beam-column joint sub-assemblage at 
the contra-flexure points under lateral loading. A constant column axial load of 565 KN for CC and 
460 KN for 10HTRC was also applied in all specimens. This column axial load represents a uniform 
stress approximately equal to 0.2f’c on the column section, where f’c is the 28-day cylinder 
compressive strength of concrete. This level of constant axial load was reported to be adequate to 
represent the column axial loads during the seismic loading of structures (Ghobarah and Said, 2001). 
To provide an even stress distribution on the column cross section, two steel plates of 20 mm 
thickNess were also fixed to both ends of the columns. The beam tip load (monotonic and cyclic) was 
applied at the free end of the beam using a 100 KN hydraulic actuator. The load transfer from the 
actuator to the beam was accompanied by a connection carefully designed to provide an effective and 
slip-free attachment in the push-pull loading. 
Displacement-controlled loading was used in both monotonic and cyclic specimens. The monotonic 
load was simulated by displacing the beam tip in the push direction so that the beam’s top 
reinforcement (2N10) bore the tensile stresses (see Figure 6.5). For cyclic loading, the displacement 
loading reversals were simulated by increasing the displacement ductility factor, μ of the beam in 
both push and pull directions, initiating from 1 then continued to 2, 3, and so on, up to failure. Two 
loading cycles were applied at each ductility level. The displacement ductility factor, μ, is defined as 
the ratio of ultimate displacement, ∆u, to the yield displacement, ∆y. The yield displacement was 
considered to correspond to the first yield of tensile reinforcement and was measured to be equal to 
6.5 mm  from the control specimens under monotonic loading. The cyclic loading history is 
illustrated in Figure 6.8. 






































Figure 6.6: Schematic test set-up for beam-column 
joints. 
Figure 6.7: Actual test set-up for beam-column 
joints. 
Figure 6.8: Cyclic loading history (ASTM- E2126-11). 
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6.5.4 Instrumentation  
To measure the vertical displacement of the beam tip where the load was applied, a draw wire sensor 
(DW) was used. In addition, three linear position transducers (LPs) were utilised to monitor the 
displacement of the beam at mid-span. Fourteen 5 mm steel strain gauges were mounted on 
longitudinal steel reinforcing bars in column and beams to determine the yielding of the bars under 
cyclic loading. Furthermore, the strain in the extreme fibres of concrete was measured by attaching 
ten 60 mm concrete strain gauges. The surface preparation of the steel reinforcement for strain gauge 
bonding included grinding the ribs and cleaning with acetone. The strain gauges were then attached 
to the rebar surface using super glue (Loctite 454). To protect the gauges from moisture ingress, they 
were also coated with M-Coat A before being wrapped with sticky tape. The strain gauges were 
positioned at the beam-column interface in all monotonic specimens. Failure of the specimens and 
preliminary FE analysis confirmed that these locations corresponded to the location of maximum 
forces. 
The location of LPs, DW, steel strain gauges and concrete strain gauges are shown in Figure 
6.8 and Figure 6.9. Load and deflections were recorded, in addition to strains in concrete and 
reinforcement, using a computerised data acquisition system during the test. During the test in each 


















 Figure 6.9: Instrumentation location on beam-column joints - concrete strain gauges, LPs and DW. locations 
 

























6.6 Experimental results 
All of the tested specimens showed ductile behaviour without any shear/shear-flexural cracking at 
the beam or joint core. The test results confirmed the weak-beam strong-column condition adopted 
in the design of the specimens. During the monotonic and cyclic loadings, the flexural cracks 
developed and widened in the potential plastic hinge areas of the CC and 10HTRC specimens in the 
beam section, while the column and joint core remained intact. In cyclic loading, failure of all 
specimens was attributed to the rupture of beam top steel bars   ( 2 10N ) at the last cycle (push direction 
in Figure 6.5), while the tensile bar rupture ( 3 10N ) was observed in some specimens under monotonic 
loading. In both loading type, the failure was also accompanied by crushing the concrete at the bottom 
part of column-beam interface. No deboning or delamination was observed during the tests.  
Figure 6.10: Instrumentation location on beam-column joints - strain gauges on reinforcement. 
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6.6.1 Monotonic loading 
For the control specimen, CC, the first crack was observed at the load around 10 KN at the beam- 
column interface (Figure 6.11- a) and at 15 KN a new crack was observed on the column which 
widened to around 10 mm at the failure point (Figure 6.11- d). During loading, more cracks also 
developed in the plastic hinge region of the beam, while concrete crushed on the compressive side. 
As observed in Figure 6.12, failure of the control specimen was attributed to damage of the beam 
near the joint core which is the typical plastic hinge location on a beam. Other parts of the beam 
sustained only a few minor cracks. For the control specimen, CC, the maximum load and 
displacement were recorded at 20.2 KN and 59 mm, respectively. Furthermore, the yield displacement 
of the tensile reinforcements of this specimen was measured to be approximately 6.1 mm using a 
strain gauge.  
The experimental results of the specimen 10HTRC were almost identical to the control 
specimen. At a load of approximately 15 KN, the first crack developed at the top of the beam close 
to the column-beam interface (Figure 6.12- a) and kept widening to a maximum value of 5 mm until 
the specimen failed. Figure 6.12- b indicates the ultimate failure of the specimen. For the 10HTRC 



















 Figure 6.11: First crack start at 10KN that opened up to a width of around 15 mm at the failure point (CC-
monotonic load). 
 

































The beam tip load-displacement curves obtained from the tests of the specimens under monotonic 
loads are compared in Figure 6.13. Up to the first crack load, the curve is linear, and afterward the 
curves deviate from linearity, which indicates the formation of micro-cracks. In the post-cracking 
stage, the slope of the load-deflection plot changes due to multiple cracks. Beyond this stage, the plots 
became almost flat, indicating the yielding of the steel. The 10HTRC specimen shows more deflection 
Figure 6.13: Distribution of the beam tip load versus displacement for the specimens under monotonic 
loading. 
 
Figure 6.12: First crack start at 15KN that opened up to a width of around 15 mm at the failure point (CC-
monotonic load). 
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beyond the peak load than the CC specimens, which indicates that the rubber concrete specimens 
have better deformation characteristics. The area under the curve was also observed to be more for 
10HTRC which highlights the fact that the rubber concrete specimen has better energy absorption 
capacities than CC. 
6.6.2 Cyclic loading  
The hysteretic curves obtained from the beam tip loads versus the corresponding displacements of 
the control concrete and rubber concrete specimens under cyclic loading are drawn in Figures 6.14 
and 6.15, respectively. Also, the corresponding envelope curves are compared in Figure 6.16. The 
asymmetric response of the joints in the push and pull directions was attributed to the different top 
and bottom steel reinforcements used in the beam. 
For the control specimen, CC, the first cracks were observed in the 5th cycle in the push and 
pull directions near the column-beam interface. Cover spalling occurred in the 11th cycle, while the 
compressive concrete crushed in the 16th cycle. Failure of the specimen occurred at the load of 11 KN 
and displacement of 45 mm in the pull direction. Other parts of the beam sustained minor damage, 
while the joint core and column remained completely intact. 
During the loading of specimen 10HTRC, the first cracks in the beam, in the push direction, 
were initiated at the end of the 9th cycles at a distance of almost 100 mm, 260 mm and 385 mm from 
the column face. At the 11th loading cycle, another crack extended in the beam closer to the column 
face, in both the pull and push directions, and widened during the test. Cover spalling occurred at the 
20th cycle. Eventually, the beam’s tensile rebars in the pull direction ruptured during cycle 24, 
followed by the concrete crushing, which terminated the test of this specimen. Figure 6.17 shows the 
first cracks on the beam and Figure 6.18 shows the ultimate failure of the specimen 10HTRC under 
cyclic loading. Compared to the CC specimen, the experimental results of the 10HTRC specimen 
confirmed that the adopted 10% heat treated rubber in the concrete is not only effective in increasing 
the load carrying capacity in both directions, but also effective in relocating plastic hinges away from 
the column face further into the beam. 
According to the observations, failure of the CC and 10HTRC specimens were accompanied 
with the formation of a small plastic hinge at the column-beam interface. The damaged parts of the 
beam in these specimens were equal to approximately half of the beam depth, while a crack is 
observed at the joint. This length is also suggested by other researchers (Paulay et al., 1999) as the 










































Figure 6.14: Hysteretic responses of the control specimen (CC). 
 
Figure 6.15: Hysteretic responses of the 10% heat treated rubber concrete specimen (10HTRC). 
 






































Figure 6.16: Envelopes of the hysteretic curves of the cyclic specimens, CC and 10HTRC. 
 
Figure 6.17: First crack of the 10HTRC specimen under cyclic loading (at 10KN). 
















6.7 Discussion of the results 
In this section, the experimental results of the rubber concrete specimens in terms of the loading 
capacity, displacement ductility, elastic stiffness, and cumulative energy dissipation are compared 
with their respective control specimens. For cyclic loading, different responses were observed in the 
push and pull directions due to the different amounts of steel reinforcements in top and bottom sides 
of the beam. 
6.7.1 Strength, stiffness, and ductility 
For monotonic loading, using 10% heat treated rubber in concrete led to a significant improvement 
in the joint behaviour. The results show an improvement in the maximum load capacity and an 
increased bearing in beam displacement in the 10HTRC specimen compared to the CC specimen. 
The ultimate strength of the 10HTRC specimen also increased by almost 5% in contrast to the CC. 
This indicated the efficiency of using heat treated rubber in concrete in the strengthening of column-
beam joints. It should be mentioned that the load-displacement curve of the specimen 10HTRC 
followed a slightly higher trend than specimen CC after yielding. This higher strength can be 
attributed to the existence of HTR at the beam to column connection.  
Cyclic loading of the specimens confirmed the results of the monotonic loading. Compared 
to specimen CC, the maximum loading capacity of 10HTRC was increased by 6.2%, in the push 
direction. However, the maximum loading capacity decreased about 11.8% in the pull direction in 
contrast with the CC specimen. Table 6.7 provides a summary of the results for all specimens. 
Figure 6.18: Failure modes of the 10HTRC specimen under cyclic loading. 
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Observing the elastic behaviour of the test specimens under monotonic loading, it can be stated that 
the load-displacement curves of all specimens are almost identical before cracking. However, the 
initial stiffness of 10HTRC specimen shows a notable improvement after cracking. The improvement 
in the elastic stiffness of the 10HTRC specimen is more noticeable under cyclic loading, as observed 




























CC 71.24 20.20 - - - 60.00 - 10.0 - - - 




 CC 71.24 20.70 16.95 - - 59.00 61.00 9.8 10.2 - - 
10HTRC 57.88 21.98 14.95 6.2 -11.8 80.00 61.37 15.4 11.8 57.0 15.7 
1 Cylinder compressive strength of concrete measured on the testing day. 
2 Ductility increase of specimen 10HTRC was calculated related to the ductility of specimen CC. 
 
 
Ductility is an important parameter in the seismic assessment of RC column-beam joints. In this study, 
the yield displacement was assumed as the displacement at first yield of tensile reinforcements and 
was considered to be approximately 6 mm and 5.2 mm for the CC and 10HTRC specimens, 
respectively. The ultimate displacement was assumed to be the displacement after which a sudden 
drop in the load was observed. The ultimate displacement values and the ductility factors of all test 
specimens are given in Table 6.7. The experimental results indicated an increase of the displacement 
ductility factor of the 10HTRC specimen. For cyclic specimens, the ductility factors of the control 
specimen, CC, were calculated to be approximately 9.8 and 10.2 in the push and pull directions. These 
values increased to 15.4 and 11.8 in both loading directions for the specimen 10HTRC. The higher 
amount of ductility in specimen 10HTRC was due to using heat treated rubber in the concrete which 
resulted in a greater improvement in ultimate displacement in both directions, especially in the push 
direction. This conclusion has also been addressed by other researchers for rubber concrete column- 
beam joints (Ganesan et al., 2013). 
 
Table 6.7: Summary of the results for all test specimens. 
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6.7.2 Energy dissipation 
The energy dissipation during a particular loading cycle is considered as the area enclosed by the 
corresponding load-displacement hysteretic loop. The cumulative energy dissipation was calculated 
by accumulating the energy dissipated in the consecutive loops throughout the cyclic load reversals. 
The cumulative dissipated energy versus the loading cycles was concluded for the cyclic specimens 
in Tables 6.8 and 6.9, and plotted in Figures 6.19 and 6.20. While the cumulative energy dissipated 
for all specimens is approximately equal in the 1st, 2nd, 3rd, 4th and 5th cycles, it is higher for the 
10HTRC specimen after the 6th cycle. The greater amount of energy dissipation in the 10HTRC joints 
can enable a reinforced concrete structure to survive lateral forces with a lower level of damage. Of 
particular interest is an almost identical amount of energy dissipation at the ultimate failure of 
specimen 10HTRC and the control specimen, CC, despite lower loading cycles sustained by the 




Relative energy absorption (KN.mm) Cumulative energy absorption (KN.mm)  
 
Step Push Pull Push Pull 
1 0.77 0.4416 0.77 0.4416 
2 0.9564 1.18 1.7264 1.6216 
3 7.9724 5.6152 9.6988 7.2368 
4 20.9611 13.9867 30.6599 21.2235 
5 32.0721 23.22 62.732 44.4435 
6 314.6894 240.6815 377.4214 285.125 
7 910.7756 421.1912 1288.197 706.3162 
8 1150.8751 462.8668 2439.0721 1169.183 
9 2196.5893 84.8388 4635.6614 1254.0218 
10 2935.889 510.2691 7571.5504 1764.2909 







Table 6.8: Cumulative energy dissipation for cyclic specimens (CC). 





Relative energy absorption (KN.mm) Cumulative energy absorption (KN.mm)  
 
Step Push Pull Push Pull 
1 0.8338 0.4031 0.8338 0.4031 
2 2.1381 1.294 2.9719 1.6971 
3 8.2669 4.2531 11.2388 5.9502 
4 18.8914 13.5184 30.1302 19.4686 
5 36.5972 25.8982 66.7274 45.3668 
6 406.1784 297.7661 472.9058 343.1329 
7 1190.172 460.4746 1663.0778 803.6075 
8 1960.9941 505.9525 3624.0719 1309.56 
9 2819.5883 581.1467 6443.6602 1890.7067 
10 3733.9352 621.2509 10177.595 2511.9576 















Table 6.9: Cumulative energy dissipation for cyclic specimens (10HTRC). 













































The experimental part of the current study aimed at studying the structural behaviour of 10% heat 
treated rubber concrete as a column- beam joint under a monotonic and cyclic load. Following the 
main purpose of the study, two column- beam joints of control concrete (high strength concrete) and 
10% heat treated rubber concrete were tested. 
 The 10HTRC specimen showed an improvement in the maximum load carrying capacity and 
ductility compared to the CC specimen. The failure mode of the 10HTRC specimen was in the beam 
where the column remained intact, while the CC specimen was observed to develop cracks on the 
column. 
While the 10HTRC specimen showed a better load carrying capacity in the push direction 
rather than the pull direction under a cyclic load, there was still an increase of ductility. The 
enhancement of the ultimate deflection under a cyclic load was concluded to be due to the elastic 
nature of rubber. The cracks observed in the 10HTRC, both under monotonic and cyclic loading tests, 
were narrow and happened at a point much after cracking in CC specimens. It shows that the 10HTRC 
specimen can undergo higher loads compared to the CC specimens and does not crack easily. 
The cumulative absorbed energy for the 10HTRC specimen was observed to be much higher 
































Figure 6.20: Cumulative energy dissipation for the cyclic specimens in pull direction. 
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degradation of stiffness and strength was delayed allowing sufficient energy to be absorbed through 
hysteretic behavior. These ductile characteristics are desirable for earthquake- resistant structures. 
                                           
Numerical Modelling of Beam-



















In this chapter, the behaviour of beam-column joints under monotonic and cyclic loads is investigated 
upon verification with the experimental results. For this purpose, the nonlinear FE models of the test 
specimens were developed in ANSYS (ANSYS Manual, 2009) and the obtained results were 
compared with the experimental data. It should be noted that only the conventional concrete 
specimens were involved in the numerical investigation. Due to the insufficient information on the 
effects of rubber crumb in concrete, such as crack pattern and failure mechanism, modelling of 
10HTRC was not made an objective of this research, and this can be an area of research for future 
studies. 
The element types and models used to simulate the behaviour of the constituent materials are 
described in Sections 7.2 and 7.3, respectively. Section 7.4 presents the geometry of the models, 
loading, and boundary conditions. The analysis solution including the parameters and assumptions 
for nonlinear analysis is described in Section 7.5 followed by a comparison of the nonlinear FE results 
with the experimental data.  
7.2 Element types  
The three-dimensional (3D) FE models of the original beam-column joint were constituted using 
different elements considering their characteristics. These elements were used to simulate concrete, 
and shear and longitudinal reinforcements. In the following section, a summary of these elements and 
their properties is presented.  
7.2.1 Reinforced concrete 
For 3D modelling of solids with or without reinforcing bars, a solid element, SOLID65, is readily 
available in ANSYS. This element is defined by eight nodes with three degrees of freedom per node 
(translations in the nodal x , y , and z  directions) and isotropic material properties. Capable of plastic 
deformation, SOLID65 can simulate both cracking in tension and crushing in compression and can 
be used not only for concrete but also for other quasi-brittle materials such as rock (ANSYS Manual, 
2009). Figure 7.1 schematically illustrates the geometry, node locations, and the coordinate system 
for this element. SOLID65 has one base material and up to three independent reinforcing materials 
that are assumed to be smeared throughout the element. The volumetric ratio of reinforcements is 
defined as the rebar volume divided by the total volume of the element in each direction. As shown 
in Figure 7.1, the directions of the smeared reinforcements are introduced by the two angles, θ  andφ
, which are the angles of orientation in the x y−  plane and out of the x y−  plane, respectively.  
 










To help convergence the calculations when cracking is imminent, it is recommended to include the 
tensile stress relaxation after cracking (i.e. KEYOPT (7) =1). The solution output associated with the 
element can be categorised in nodal displacements and several additional element outputs including 
different stresses and strains. Several items of the solution output are shown in Figure 7.2, where xS , 
yS , and zS  are the normal stresses on the element along the x , y , and z  directions, respectively 










Figure 7.1: Geometry and node locations of SOLID65 [70]. 
Figure 7.2: SOLID65 stress output (ANSYS Manual, 2009). 
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7.2.2 Steel reinforcements 
In addition to the smeared modelling of reinforcements provided in SOLID65, the longitudinal and 
shear reinforcements can be modelled using a series of 3D spar elements called LINK8. This two-
node element is a uniaxial tension-compression element with three degrees of freedom at each node: 
translations in the nodal x , y , and z  directions. Figure 7.3 indicates the geometry, node locations, 
and the coordinate system of this element. Similar to SOLID65, a variety of solution outputs in the 
forms of nodal displacements and additional element outputs is provided for LINK8. Several output 
items are shown in Figure 7.4 in which S(AXL) is the axial stress, EPEL(AXL) is the axial elastic 
strain, and EPPL(AXL) is the axial plastic strain of the steel rebar. Because modelling of steel 
reinforcements using LINK8 leads to more accurate behaviour (Talaeitaba, 2003) this element was 




















7.2.3 Steel plate 
In the current study, a 3D solid element, called SOLID45, was used to model steel plates placed at 
the support locations in the test set-up to distribute the column axial load evenly. SOLID45 is defined 
by eight nodes and the orthotropic material properties. It has three degrees of freedom at each node, 
Figure 7.3: Link8 geometry and node locations (ANSYS Manual, 2009). 
Figure 7.4: Link8 3D spar output (ANSYS Manual, 2009). 
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which are translations in the nodal x , y , and z  directions. The geometry, node locations, and the 
coordinate system for this element are shown in Figure 7.5. Nodal displacements and additional 
element outputs are two forms of the solution output associated with the element. Several items of 
this output are also illustrated in Figure 7.6. This element was employed to model steel plates placed 

















Figure 7.5: Geometry and node locations of SOLID45 (ANSYS Manual, 2009). 
Figure 7.6: SOLID45 stress output (ANSYS Manual, 2009). 
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7.3 Material modelling 
7.3.1 Concrete 
Modelling the behaviour of concrete is a challenging task. Concrete is a quasi-brittle material with 
different behaviour under compression and tension. The tensile strength of concrete is about 8-15% 
of its compressive strength. A typical uni-axial stress-strain curve for normal weight concrete under 
compression and tension is shown in Figure 7.7. Under compression, the stress-strain curve of 
concrete is almost linear up to about 30% of the maximum compressive strength. Above this point, 
the stress increases gradually following a nonlinear curve up to the maximum compressive strength. 
After reaching the maximum compressive strength, cuσ , a softening behaviour is observed until 
eventually crushing failure occurs at the ultimate strain, cuε . On the other hand, the stress-strain 
curve of concrete under tension is approximately linear-elastic up to the maximum tensile strength. 





















Figure 7.7: SOLID45 stress output (Kachlakev et al., 2001). 
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Several empirical relationships have been proposed for modelling the uni-axial stress-strain curve of 
concrete under compression. In the current study, the commonly used Hognestad model (Park and 
Paulay,1975 and Hognestad, 1955) was used to model the compressive behaviour of the concrete. 
The uni-axial stress-strain curve which was plotted, based on this model, is shown in Figure 7.8, 
where, cf ′′  is the maximum compressive stress reached in the concrete. This maximum stress in a 
flexural member may differ from the cylindrical compressive strength, cf ′ , because of the difference 
in size and shape of the compressed concrete. The value of, cf ′′  in flexural members can vary from 
0.92 cf ′  to 1.03 cf ′  (Park and Paulay, 1975 ). Herein, cf ′′  was assumed to be equal to cf ′ . Also, the 
strain at maximum stress, 0ε , and the ultimate strain cuε  were taken as 0.002 and 0.0038, 
respectively. These values have been recommended for normal concrete (Park and Paulay, 1975 and 





















Figure 7.8: Idealised un-axial stress-strain curve for concrete in compression (Park and Paulay, 1975). 
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In ANSYS, a specific material, called “concrete”, has been developed to simulate the behaviour of 
all quasi-brittle and in particular concrete materials. In the current model, both cracking and crushing 
failure modes are accounted for. To define the concrete material in ANSYS, the following parameters 
are required: 
• elastic modulus, cE ; 
• ultimate uni-axial compressive strength, cf ′ ;  
• ultimate uni-axial tensile strength (modulus of rupture, rf );  
• poisson’s ratio, cν ; 
• shear transfer coefficients for open and closed cracks ( tβ , and cβ , respectively); and 
• compressive uni-axial stress-strain relationship for concrete. 
During this research, the elastic modulus, cE , and uni-axial tensile strength, rf , of concrete were 
determined using ACI 318 (ACI 318-02, 2002 and ACI 318-08, 2008). According to ACI 318, these 
values are tracked back to uni-axial compressive strength, cf ′ , and defined by: 
 
     4700c cE f ′=  (7-1) 
     0.62r cf f ′=  (7-2) 
 
Poisson’s ratio for concrete, cν , was considered to be 0.2 for all beam-column joints. The shear 
transfer coefficients, tβ , and cβ , were provided to simulate the conditions of the crack face in a 
concrete element. Both coefficients take values between 0 and 1.0. A value of 0 for tβ  represents a 
smooth crack (complete loss of shear transfer) while for a rough crack (no loss of shear transfer), the 
value is taken as 1.0. According to past studies such as Kachlakev et al. (2001), Mahini et al. (2011), 
Mahini et al. (2010) and Dalalbashi et al. (2013), the best estimate of nonlinear behaviour of tested 
reinforced concrete joints is obtained if a shear transfer coefficient, tβ , equal to 0.3 is chosen for open 
cracks. Furthermore, the shear transfer coefficient for closed cracks, cβ , was assumed to be 0.7, as 
recommended in ANSYS (ANSYS Manual, 2007) and in the past studies (Dalalbashi et al. 2012; 
Mahini and Ronagh 2011). Table 7.1 summarises the parameters used to model concrete in this study. 
As mentioned previously, the uni-axial stress-strain behaviour of concrete was modelled using the 
Hognestad model as illustrated in Figure 7.8. 
 





The concrete failure due to the multi-axial stress state is predicted using the William-Wranke criterion 
(Willam et al. 1975). Figure 7.9 represents the 3D failure surface calculated based on this model, for 
the states of stress that are biaxial or nearly biaxial. The parameters xpσ , ypσ , and zpσ  refer to the 
principal stress in x, y, and z direction, respectively. The concrete failure mode is a function of the 
sign of zpσ . For example, if xpσ  and ypσ  are both negative and zpσ  is slightly positive, cracking 
would be predicted in a direction perpendicular to the zpσ  direction. However, if zpσ  is zero or 
slightly negative, the concrete is assumed to have crushed. In addition, this model uses the concept 
of a smeared crack model first introduced by Rashid [78]. Because, in reality, concrete cracking is 
comprised of a system of parallel cracks continuously distributed over the concrete mass, this model 
represents the cracks by parallel micro-cracks distributed (smeared) over the finite elements. In this 
model, the cracks are considered to be an indication of change in the material property of the element, 
over which the cracks are assumed to be smeared. Being computationally very convenient, and 
because the crack can develop in any direction, this model suits the FE analysis of concrete elements 
















Specimen f'c (MPa) fr (MPa) Ec (MPa) vc βt βc 
CC 71.24 5.23 39669 0.20 0.30 0.70 
Table 7.1: Summary of material properties for concrete used in the FE analysis. 
Figure 7.9: Three-dimensional failure surface calculated based on the William-Wranke criterion (Park and 
Paulay, 1975). 
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7.3.2 Steel reinforcements and steel plates 
The longitudinal and transverse reinforcements of the experimental joint specimens were constructed 
from standard deformed 10N  reinforcing bars (10mm  diameter). The mechanical properties of steel 
reinforcements (i.e. elastic modulus, yield point characteristics, ultimate strength, and strain related 
to ultimate strength) used for the nonlinear FE modelling followed the results obtained from the direct 
tensile tests as discussed in the experimental investigation. Table 7.2 provides a summary of the 
mechanical properties of the steel reinforcements obtained from the experimental tests and used in 
the nonlinear FE analysis. Poisson’s ratio of 0.3 was assumed for the steel reinforcements (Kachlakev 
et al., 2001). For simplification, it is often sufficient to approximate the actual stress-strain behaviour 
of steel reinforcements with an idealised bilinear or trilinear curve (Park and Paulay,1975). In the 
current study, a simplified bilinear model with strain hardening and an elastic-perfectly plastic model 
were used to predict the behaviour of longitudinal and transverse reinforcements in the FE models. 
Figure 7.10 provides an illustration of the adopted model. This model was found to be in good 
agreement with the actual stress-strain curve obtained from the experimental test. Also, identical 













Similar to the actual joint specimens, steel plates were also added at the support locations in the FE 




 Elasticity (GPa) 




Ultimate stress (MPa) Strain at ultimate load (%) 
10 205 520 0.24 690 11.6 
Table 7.2: Mechanical properties of the steel reinforcements obtained from tensile tests. 
Figure 7.10: Stress-strain curve of longitudinal and transverse reinforcements (N10). 
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Poisson’s ratio of plates were taken as 200000 MPa and 0.3 , respectively. The steel plates were 
assumed to be linear elastic materials as they were designed to remain elastic. Validity of this 
assumption was checked after the analysis. 
 
7.4 Specifications of the FE models 
For numerical investigation, only the CC specimens were considered. The specimens CC and CC-C 
are referred to as the control specimens under monotonic and cyclic loading, respectively.  
FE models of the specimen CC and CC-C are shown in Figures 7.11 and 7.12, respectively. These 
figures illustrate all meshes considered for concrete, steel reinforcement, and the steel plate at the 
column support. The maximum element size was selected to be 40 mm . This value was selected as a 
compromise between accuracy and time. While the smaller mesh sizes could not affect the results 
significantly, it significantly increased the analysis time. The axial load on the column was applied in 
the form of a constant uniform pressure during the analysis. Also, similar to the experiments and to 
help the convergence, a displacement control regime was followed in which the displacement was 
applied to the beam tip instead of the load. For the cyclic loading, a displacement load reversal regime 
was allowed similar to the experimental tests. The corresponding forces required to produce the pre-
chosen displacements were then measured as the beam-tip loads. For each model, the beam tip load 
displacement curve was obtained and compared with the experimental curve. 
7.5 Nonlinear analysis procedure 
7.5.1 Nonlinear solution  
In nonlinear analysis, the total load should gradually be applied to the FE model. For this purpose, 
the total load is divided into a series of load increments called “load steps”. Once each incremental 
solution is completed, the stiffness matrix of the model is updated to reflect nonlinear changes in the 
structural stiffness before proceeding to the next load increment. The ANSYS program uses the 












































Figure 7.11: FE model of the CC specimen. 
Figure 7.12: FE mesh of the CC specimen. 
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The Newton-Raphson iterative procedure provides convergence at the end of each load increment 
within the specified tolerance limits. Figure 7.13 provides an illustration of the Newton-Raphson 
iterations in which F  and u  refer to the vectors of the applied load and the unkNown displacement 
values at different degrees of freedom. In this approach, the out-of-balance load vector, which is 
defined as the difference between the restoring forces (the loads corresponding to the element 
stresses) and the applied loads, is assessed prior to each solution. A linear solution is then carried out 
by the program using the out of balance loads and the convergence is checked. If the convergence 
criteria are not satisfied, the out-of-balance load vector is re-evaluated, the stiffness matrix is adjusted, 
and a new solution is accomplished. This iterative procedure continues until the problem converges 

















7.5.2 Load stepping and convergence criteria 
During the nonlinear analyses of the current study, the load step sizes were controlled using the 
automatic time stepping option provided in the ANSYS program. Considering the previous solution 
history and the physics of the models, the automatic time stepping increases the load increment up to 
a selected maximum load step size if the convergence behaviour is smooth. On the contrary, if the 
convergence behaviour is abrupt, the load step increment is bisected until it is equal to a selected 
minimum load step size. The maximum and minimum load step sizes are defined by a maximum and 
minimum number of sub-steps required for the automatic time stepping. In this study, the latter values 
Figure 7.13: Incremental Newton-Raphson procedure (ANSYS Manual, 2009). 
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are assumed to be 25,000 and 100, respectively. A sensitivity analysis shows that these values can 
reliably estimate the results of the experimental tests.  
In ANSYS, there are four convergence criteria including force (F), moment (M), displacement 
(U), and rotation (ROT). In this study, convergence was based on force and displacement considering 
the loading conditions of the test specimens. Also, the convergence tolerance limits were initially 
allowed to be equal to the default values suggested in the ANSYS program (0.5% for force checking 
and 5% for displacement checking). However, a quick convergence of solutions was not observed 
due to the highly nonlinear behaviour of reinforced concrete. To solve this problem, the convergence 
tolerance limits were increased to a maximum of 5 times the default values to obtain a faster 
convergence of the solutions, as recommended by other researchers (Kachlakev et al. 2001 and 
Mahini et al. 2005) in nonlinear FE analysis of reinforced concrete structures. 
 
7.6 Comparison of the numerical and experimental results 
In the following section, the numerical results are compared with the experimental data in terms of 
the failure mechanism and load-displacement curves. A detailed discussion is also provided on the 
material behaviour and plastic hinge location in the experimental specimens and the numerical 
models. During the numerical analysis, the strain distribution in the longitudinal reinforcement bars 
of the beam was checked in order to locate the beam’s plastic hinge. Failure of each specimen was 
considered as crushing of the concrete followed by a 20% drop in the peak load.  
 
7.6.1 Failure mechanism and material behaviour 
The numerical predictions for the plastic hinge location for specimen CC and its reinforcement are 
shown in Figures 7.14 and 7.15, respectively. The FE stress distributions in these figures belong to 
the last step of loading. As observed, the nonlinear FE analysis could accurately estimate the plastic 
hinge locations observed during the experimental tests. Failure of the specimens was attributed to the 
concrete crushing at the ultimate displacement followed by a sudden drop in the load-displacement 





































The FE illustration of the tensile strain distributions in the beam’s top longitudinal reinforcements at 
the last step of loading in the push direction is indicated in Figure 7.15 for the CC specimen. The FE 
models demonstrated a considerable nonlinear behaviour after the steel yielded. The location of the 
plastic hinges in the beam can be found by comparing the strain values in the longitudinal steel 
reinforcements. For the control specimens (CC and CC-C) both the experimental tests and the 
numerical analysis confirmed a severe inelastic behaviour at the beam-column interface. Table 7.3 
Figure 7.14: Numerical failure mechanism of the CC specimen. 
Figure 7.15: Numerical failure mechanism of the reinforcement CC-Cyclic specimen. 
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summarises the maximum compressive stress of concrete and the maximum tensile stresses in the 
longitudinal steel reinforcements at the last step of loading in the push direction. 
 
Specimen Rebar (MPa) Concrete (MPa) 
CC 555 22 
CC-C 532 22.5 
 
7.6.2 Load-displacement curve 
The beam tip load-displacement curves obtained from the nonlinear FE analysis of the CC specimen 
are presented with their experimental counterpart in Figure 7.16. Despite the small differences 
between the experimental curves of the CC specimen and the numerical one, a good agreement was 
observed, particularly in terms of the ultimate strength. 
The experimental and numerical hysteretic curves of the CC specimen under cyclic loading is 
also plotted in Figures 3.17. For cyclic loading, while the FE models sustain a lower number of 
hysteretic loops compared to the experiments, the model is able to simulate the pinching effects to 
some extent.  
Comparison of the experimental and numerical hysteretic curves showed they both follow a 
similar trend up to a moderate ductility demand. Of particular interest was the predicted loading 
capacity of the numerical analysis which was almost identical to that measured from the experimental 
tests. Softening was not predicted accurately. This shortcoming has also been observed by other 
researchers such as Niroomandi et al. (2010), Mahini et al. (2011) and Alhaddad et al. (2012), and 
could be due to the inability of the current version of the ANSYS program in modelling the softening, 
i.e., the descending part of the material properties. As a result, it can be concluded that the current 
nonlinear FE models could not predict the displacement ductility and the energy dissipation capacity 
of the test specimen accurately. However, the models can be reliably used to estimate the linear and 









Table 7.3: Maximum stresses sustained by constituent materials at the last loading step in the push 
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Figure 7.16: Comparison of the experimental and numerical load-displacement curves for the CC control 
specimen.  
Figure 7.17: Comparison of the hysteretic curves of experimental and numerical model of the CC specimen. 
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7.7 Conclusion  
This chapter presented the nonlinear FE modelling of the experimental tests using ANSYS. 
Comparison of the experimental load-displacement curves with those obtained from the numerical 
analysis demonstrated a good agreement between both curves up to a moderate ductility demand. The 
FE analysis could also accurately predict the ultimate strength obtained from the experimental tests. 
In addition, the numerical analysis could accurately predict the location of plastic hinges observed 
during the experimental tests. With regard to the loading types, it was observed that the experimental 
load-displacement curves of the specimens under monotonic loading could be better estimated by the 
FE analysis in ANSYS than under cyclic loading. 
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8.1 Summary and conclusion 
This research aimed at investigating ways of improving the material properties of rubber concrete so 
that it suits structural applications, thereby reducing the impact of waste tyre rubbers on the 
environment which has become a considerable global problem.  
Rubber has several good properties such as flexibility and energy absorption which may be 
beneficial for use in concrete; the problem is often that once added to concrete other properties of the 
concrete, such as compressive strength drops significantly, hence rendering it useless for structural 
applications. The main issue is identified was the lack of chemical bonding between the rubber and 
cement paste.  
In this research, an innovative method to treat waste tyre rubber is proposed. Moreover, the 
optimum amount of treated rubber as a percentage replacement of fine aggregates in concrete 
admixtures was obtained through studying its mechanical properties. Ultimately, the fire performance 
and structural behaviour of rubber concrete was examined. 
The main objective of this research was treating rubber crumb to develop an active functional 
group on its surface in order to improve bonding with cement. While the study began by employing 
the methods of previous researchers, using different types of chemical treatments on the rubber 
surfaces, it ended with an innovative technique which is low cost and more effective.  
Chapter 1 introduced the project, highlighting the main reasons for using waste tyre rubber 
crumb as a partial replacement of natural fine aggregates. In this chapter, the implemented research 
methodology, its novelty and the structure of the project were also presented. 
Chapter 2 presented an extensive critical review of the literature associated with different 
types of rubber treatments and its behaviour as an additive or partial replacement of fine and coarse 
aggregates. Also, attempts made by researchers in the past to improve the mechanical properties of 
rubber concrete were discussed, and this chapter concludes by addressing the gaps of kNowledge and 
the areas which require further research. Lastly, this chapter identifies the missing areas of study from 
the main parts of the current research project. 
Chapter 3 describes the first experimental program of this study, using different types of 
chemical solutions such as potassium permanganate, hydrogen peroxide and sodium hydroxide to 
treat the rubber surface. The effect of these three types of treatment on the surface of rubber crumb 
were investigated using the microstructural characterisation facility at Western Sydney University 
(AMFC). Scanning Electron Microscope (SEM) and Fourier Transform Infrared Spectroscopy 
(FTIR) were the tools used to investigate the active group functions which developed on the rubber 
surface. SEM imaging showed that rubber treated with potassium permanganate developed more 
active groups on the surface and FTIR spectra proved this conclusion. In the next part of experiment, 
different types of rubber concrete with 3% (by volume) replacement of sand were produced by 
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untreated and different chemically treated rubber. Studying the compressive strength of rubber 
concrete made with the addition of these chemical solutions showed that rubber concrete containing 
rubber treated with potassium permanganate solutions had improved its compressive strength in 
contrast to the untreated sample. Taking advantage of SEM imaging allowed for details to be obtained 
of the enhanced bonding properties of different treated rubbers in the concrete matrix. These images 
also offered evidence of successful treatment of rubber with potassium permanganate, as the 
boundary conditions of rubber in the interface of concrete were improved. Results showed that the 
best method of activating the rubber surface was oxidation using potassium permanganate. 
In line with the findings presented in Chapter 3, an innovative method was proposed and 
presented in Chapter 4. The method was also based on oxidation but used thermal oxidation of the 
rubber surface rather than potassium permanganate. First, it was required to examine this method in 
small scale at the AMFC, using laboratory size furnaces in order to check the possibility of the thermal 
activation of rubber in the presence of air method. FTIR and SEM imaging methods were utilised to 
check the level of oxidation. Afterwards, an electric furnace at Western Sydney University structural 
laboratory was engaged to treat rubber crumb. Different percentages of sand (5%, 10%, 20%, 30%) 
was then replaced by heat treated and untreated rubber in a concrete mix, and the compressive strength 
and modulus of elasticity results were compared with the control concrete mix. Analysing the results 
showed that the 10% heat treated rubber concrete produced the closest strength to that of the control 
mix. By taking advantage of SEM imaging, bonding conditions of untreated rubber concrete and heat 
treated rubber concrete were examined to prove the successful bonding of heat treated rubber with 
the concrete paste. 
In Chapter 5 the mechanical properties of control concrete (CC), 10% untreated rubber 
concrete (10UTRC) and 10% heat treated rubber concrete (10HTRC) were examined according to 
the Australian standards. These mechanical properties include the compressive strength, modulus of 
elasticity and modulus of rupture. After studying the results, it was decided that to improve the 
mechanical properties of heat treated rubber concrete the concrete mixes have to be varied. In this 
order, several trial mix designs were produced, and their compressive strength were tested. Finally, 
an ultimate mix design was chosen in order to continue the research. In the next part of the 
experimental work, control concrete (CC) which was high strength concrete, 10UTRC and 10HTRC 
specimens were cast to be tested for their mechanical properties. The compressive strength, modulus 
of elasticity, modulus of rupture and indirect tensile strength were obtained. The results showed that 
CC and 10HTRC were in the high strength concrete range, while the compressive strength of 
10HTRC showed an improvement in contrast to the 10UTRC, yet the compressive strength of 
10HTRC is 14.7% less than CC. The modulus of elasticity of 10HTRC was lower than CC which is 
a desirable property. Modulus of rupture in 10HTRc was closer to the CC and higher than 10UTRC 
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samples. The interesting conclusion of this part of the experiment was the largest displacement of the 
beam span while undergoing bending. Indirect tensile strength tests of CC, 10UTRC and 10HTRC 
showed that this property of rubber concrete decreased though 10HTRC and showed closer results to 
the CC samples. The reduction in indirect tensile strength of 10HTRC compared to CC was about 
17%. 
In the long run, performance of CC, 10UTRC and 10HTRC cylindrical specimens (100 mm 
diameter and 200 mm height) at elevated temperatures were investigated. Their relative compressive 
strength at ambient temperature, 200°C, 400°C, 600°C and 800°C were investigated. The results of 
10UTRC and 10HTRC compared to the CC specimens were fluctuating up to 600°C, but at 800°C 
they all reached similar values. From the work presented in this chapter, it was concluded that using 
10% heat treated rubber in concrete would improve some of the mechanical properties of concrete, 
while it negligibly impairs other properties. In general, 10HTRC was concluded to be a suitable 
material to use for structural applications.  
Chapter 6 investigated the true structural behavior of the 10HTRC. Chapter 6 describes the 
procedures used for the design and scaling-down modelling of the joint specimens, fabrication of the 
test specimens, test set-up, and loading strategy of several beam-column joints made of 10HTRC. In 
total, four 1/2.85 scaled beam-column joint specimens were tested under both monotonic and cyclic 
loading regimes. It was found that using heat treated rubber as a partial replacement of sand in the 
concrete mixture can improve the ductility behaviour and energy absorption of the joints. In addition, 
10HTRC showed relocation of the plastic hinges away from the column face.  
Nonlinear FE analysis of the control test specimens under both monotonic and cyclic loads is 
presented in Chapter 7 where the results are compared with the experimental data. Comparison of the 
experimental and numerical load-displacement curves demonstrated a good agreement between both 
curves up to a moderate ductility level. Of particular interest was the loading capacity predicted by 
the numerical analysis which was almost identical to that measured in the experimental tests. In 
addition, the numerical analysis could accurately locate the plastic hinges observed during the 
experimental tests of the joint specimens. Unfortunately, numerical modelling of 10HTRC specimens 
under monotonic and cyclic load was beyond the scope of this research, as it is necessary to find a 
model for rubber propagation in the concrete which effects the crack pattern of the joints.  
8.2 Suggestions for future research  
The work presented in the current project satisfactorily addressed the predefined objectives of this 
research. However, there are still areas that require further investigation and these areas are explained 
in the following section. 
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8.2.1 Experimental study 
• Suitable mix design to improve the mechanical properties of heat treated rubber 
concrete;  
• Using polymer to activate rubber in situ; 
• Behaviour of heat treated rubber concrete at elevated temperature; 
• Studying the released gas of HTRC during explosion to the fire; 
• Testing of the structural behaviour of HTRC in real 3D joints that include transverse 
beams and slab, and that are tested using a testing rig similar to that which was 
assembled for the current study; 
• Shake table testing of code-compliant reinforced concrete frame structures using 
HTRC.  
8.2.2 Numerical study 
• Nonlinear behaviour and crack pattern of the beam- column joints made with HTRC. 
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